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ABSTRACT OF THE DISSERTATION 
INVESTIGATING TROPHIC INTERACTIONS OF DEEP-SEA ANIMALS (SHARKS, 
TELEOSTS, AND MOBILE SCAVENGERS) IN THE GULF OF MEXICO USING 
STABLE ISOTOPE ANALYSIS 
by 
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Miami, Florida 
Professor Michael Heithaus, Major Professor 
The deep-sea is the largest habitat on earth, containing over 90 percent of the 
world’s oceans and home to over 20,000 species. Deep-sea ecosystems are increasingly 
impacted by human activities including fishing and oil extraction.  To understand 
potential impacts on deep-sea food webs, it is crucial to gather baseline data in these 
systems.  I quantified the trophic interactions of three groups of deep-water animals 
across a range of trophic levels living in the northern and eastern Gulf of Mexico using 
stable isotope analysis. First, I propose methods for correcting δ15N values for the 
presence of nitrogenous metabolic waste products (e.g., urea) in muscle tissue using 
chemical extractions and/or species-specific mathematical normalizations. Significant 
differences in δ15N, %N, and C:N values as a result of extractions were observed in eight 
of ten shark and all three hagfish species. The δ15N values increased, but shifts in %N and 
C:N values were not unidirectional. Mathematical normalizations for δ15N values were 
successfully created for four shark and two hagfish species.  I then describe the trophic 
interactions of three consumer assemblages.  Carbon isotopic values indicate a heavy 
 vii
reliance on allochthonous nutrient inputs from surface waters.  Nitrogen isotopic values 
reveal somewhat atypical taxa as top predators in the deep sea.  Shark, teleost, and 
invertebrate species across a wide range of body sizes are feeding at a similar trophic 
level. This apparent lack of size structuring could be the result of a high degree of 
opportunistic scavenging or perhaps feeding at many trophic levels simultaneously in an 
oligotrophic system.  There was a high degree of isotopic niche overlap among species 
within each consumer assemblage, perhaps the result of limited nutrient resources in the 
deep-sea. In general, individuals from the northern sampling stations displayed higher 
δ13C and δ15N values than those from the eastern sites. With the exception of a few 
species, there were no strong relationships between body size and isotopic values. The 
present study is among the first characterizations of the trophic structure of deep-sea 
organisms in the Gulf of Mexico and establishes system baselines for future studies 
describing deep-water systems and investigating anthropogenic impacts. 
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CHAPTER I 
INTRODUCTION 
  
 3
The deep-sea is the largest habitat on earth.  It makes up over 90 percent of the 
world’s oceans, with an estimated volume of 1368×106 km3 and an average depth of 3800 
meters (Ramirez-Llodra et al., 2011).  The deep-sea is generally considered to start at 
approximately 200m depth, at the beginning of the continental shelf break, where the 
transition from shallow water to deep-water fauna occurs (Thistle, 2003).  The prevailing 
scientific viewpoint 150 years ago was that the deep-sea possessed low biodiversity, no 
primary production, no seasonality, and a uniformly cold, dark, and nutrient-poor 
environment.  This view of the deep-sea has changed substantially in the following 
decades.  The famed cruise of the HMS Challenger (1872-1876) began the modern 
exploration of the ocean’s deep-water environments, culminating in the Galathea 
expedition of 1950-1952, which showed that animals can be found even in the deepest 
parts of the oceans (Koslow, 2007). Hessler and Sanders (1967), demonstrated that the 
deep-sea was actually one of high diversity, collecting up to 365 individual species in a 
single macrofaunal sample using an epibenthic sled.  In fact, the deep-sea may contain up 
to 10 million different species of small invertebrates, predominately crustaceans and 
molluscs (Grassle & Maciolek, 1992).  In contrast, there are an estimated ~5 million 
species of arthropods in tropical rain forests (Novotny et al., 2002), an ecosystem that is 
considered to be one of the most diverse systems on the planet. 
Despite the vast size and immense diversity, study of deep-sea ecosystems has 
lagged behind characterizations of shelf and coastal marine systems. The lack of 
knowledge represents an important gap as human exploitation of deep-sea resources 
expands.  Deep-water trawl fisheries have experienced a ‘boom-and-bust’ pattern since 
the 1970’s-1980’s (Clark et al., 2008).  In fact, there is a general trend of fisheries 
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moving into deep waters (Morato et al., 2006).  Increased fish pressure is cause for 
concern and represents a management challenge because deep-sea fishes have biological 
traits that make them especially vulnerable to over fishing or disturbances in the 
environment including K-type life history traits, low fecundity and aggregation in 
restricted topographic areas (Haedrich, 1997; Koslow et al., 2000).    
The Deepwater Horizon oil spill in April 2010 highlighted the potential impacts that 
deep water oil and gas exploration can have on deep-sea systems.  The explosion released 
about five million barrels of crude oil into the water and response efforts discharged 1.84 
million gallons of dispersant, which may have increased toxicity of spilled materials 
when they combine with crude oil (Rico-Martínez et al., 2013).  The disaster resulted in 
the death of countless marine animals including dolphins (Williams et al., 2011), seabirds 
(Montevecchi et al., 2012), and deep-sea corals (White et al., 2012).  In addition, there is 
likely to be damage to deep-sea environments and organisms that has yet to be 
documented.  Even typical drilling activity in the Gulf of Mexico results in elevated total 
carbon, anoxic conditions and patchy zones of disturbed benthic communities 
(Continental Shelf Associates, 2006).  Other anthropogenic impacts on the deep sea 
include disposal of litter and waste, mining for deep-sea mineral deposits, underwater 
cables, and climate change (reviewed in Ramirez-Llodra et al., 2011).  To implement 
effective conservation measures and to better understand the human impacts in the deep-
sea, baseline data are critical.  The taxonomy of many deep-sea organisms is poorly 
resolved and there are likely many more new species in this environment, highlighting 
the need for basic taxonomic investigations.  Among known species, often little is known 
about their trophic interactions and ecological roles in deep-water systems.   
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Diet and trophic ecology have traditionally been studied through stomach content 
analysis (Cortés, 1997; Hyslop, 1980).  Analysis of gut contents allows for fine resolution 
of diets, but has limitations, particularly in the deep-sea.  For example, the large sample 
sizes that are often required to fully characterize diets are difficult and expensive to 
obtain in deep-water studies because of ship costs, low population densities, and a high 
proportion of individuals are recovered with empty stomachs.  In addition, deep-dwelling 
teleosts and elasmobranchs often regurgitate food as they are brought to the surface 
(Bowman, 1986) and prey items from deep-water communities often are fragile and 
difficult to identify (Cailliet et al., 1999; Drazen et al., 2001).  Finally, stomach contents 
provide only a snapshot of the diet of an individual and may not reflect the proportions of 
prey groups ingested or assimilated because of variability in the digestibility of prey 
items and the potential for temporal variation in consumption patterns. 
Stable isotope analysis, particularly of carbon and nitrogen, are becoming 
increasingly important in studies of trophic interactions (Fry, 2006; Layman et al., 2012) 
because it provides time-integrated information on assimilated, rather than ingested, 
biomass (Peterson & Fry, 1987; Vander Zanden & Rasmussen, 2001).  The utility of 
stable isotope analysis derives from the fact that isotopic ratios in consumer tissues 
reflect those of their prey and shift relatively predictably with each trophic transfer 
(Bearhop et al., 2004). Values of δ15N can be used to estimate relative trophic position 
because 15N is generally enriched through each trophic transfer (reviewed in Caut et al., 
2009; Post, 2002). Because carbon ratios are generally conserved through trophic 
transfers (Fry & Sherr, 1989) and vary among groups of primary producers or habitats 
(O'Leary, 1981; Smith & Epstein, 1971), δ13C values can be used to elucidate foraging 
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locations and/or sources of primary production across many trophic levels.  Because 
isotopes provide integrated views of diets and changes in stable isotope values of 
consumers reflect changes not only in their direct prey, but also in lower level trophic 
pathways, stable isotope analysis is attractive for assessing overall changes in 
communities.  However, stable isotope analysis cannot identify specific prey items 
because multiple diet combinations can result in similar δ13C and δ15N values of a 
consumer and discrimination factors can vary within and among taxa (Caut et al., 2009; 
del Rio et al., 2009; Post, 2002).  Therefore, isotopic data must be interpreted with 
caution and, where possible, benefits from the insights provided by stomach content 
analysis. 
The goal of this dissertation was to describe the trophic interactions of a diversity of 
deep-sea consumers in the Gulf of Mexico, to gain insights into the dynamics of the 
oligotrophic ecosystem, and provide a baseline against which potential changes 
associated with human impacts might be measured. I focused my work on three primary 
groups: large-bodied benthic scavengers (crustaceans, hagfish), mesopredators (primarily 
teleosts), and top predators (primarily elasmobranchs), all of which are likely important 
members of the benthic and/or demersal communities. In order to effectively employ 
stable isotopic analyses, I begin in Chapter II by quantifying the effects of a standard 
chloroform-methanol extraction on the δ15N values from deep-water shark and hagfish 
muscle tissue.  I present the observed changes in δ15N, %N and C:N values pre- and post-
extraction, and develop taxa-specific mathematical correction equations for four shark 
and two hagfish species. 
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In Chapter III-V, I describe trophic interactions in the deep-sea environments in the 
northern and eastern Gulf of Mexico within benthic scavengers, teleosts and sharks, 
respectively.  Stable isotope analysis was used investigate spatiotemporal variation in 
trophic interactions within and among numerically dominant species of each general 
guild and determine whether trophic interactions vary across body size and habitat depth. 
In each sampling region, I also describe the isotopic niches of common species and 
quantify the level of overlap among them.  For three common species of sharks, data 
from stomach contents was integrated into the analyses. 
In Chapter VI, I conclude by synthesizing insights from each of the different 
consumer groups in the deep waters of the Gulf of Mexico to understand trophic patterns 
at the community scale.  
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CHAPTER II 
EFFECTS OF LIPID AND UREA EXTRACTION ON δ15N VALUES OF DEEP-SEA 
SHARKS AND HAGFISH: CAN MATHEMATICAL CORRECTION FACTORS BE 
GENERATED? 
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Abstract 
Stable isotope analysis is broadly employed to investigate diverse ecological questions.  
In order to make appropriate comparisons among multiple taxa, however, it is necessary 
to standardize values to account for interspecific differences in factors that affect isotopic 
ratios.  For example, varying concentrations of soluble nitrogen compounds, such as urea 
or trimethylamine oxide, can affect the analysis and interpretation of δ15N values of 
sharks or hagfish. The goal of this study was to assess the effects of a standard 
chloroform/methanol extraction on the stable isotope values of muscle tissue obtained 
from 10 species of sharks and three species of hagfish collected from poorly-known 
deep-water (>200 meters) communities.  We detected significant differences in δ15N, 
%N, and C:N values as a result of extractions in 8 of 10 shark and all three hagfish 
species.  We observed increased δ15N values, but shifts in %N and C:N values were not 
unidirectional. Mathematical normalizations for δ15N values were successfully created for 
four shark and two hagfish species.  However, they were not successful for two shark 
species. Therefore, performing extractions of all samples is recommended. 
 
Keywords: stable isotopes, sharks, hagfish, urea, TMAO, normalization 
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Introduction 
 Stable isotope analysis has become a valuable tool for investigating many 
important ecological questions.  In general, these applications make use of the fact that 
there is natural variation in the isotopic ratios (e.g. δ15N, the ratio of 15N to 14N relative to 
a reference standard) that result from chemical or biological processes.  These processes 
cause isotopic discrimination, defined as a change in the ratio of heavy to light isotopes in 
a compound after uptake, processing or transformation (Fry, 2006).  Nitrogen is 
particularly important in the study of trophic ecology because it can be used to estimate 
relative trophic position as 15N is enriched in relatively predictable ways through each 
trophic transfer (DeNiro & Epstein, 1981). 
 In order to make appropriate comparisons among multiple taxa, however, it is 
necessary to standardize stable isotope values to account for interspecific differences in 
physiological factors that affect isotopic uptake and fractionation.  For example, 
elasmobranchs maintain high levels of the nitrogenous waste products urea and 
trimethylamine oxide (TMAO) in their tissues to assist with osmoregulation (Olson, 
1999).  Fisk et al. (2002) suggested these soluble nitrogenous compounds, which may 
have different nitrogen isotope dynamics than muscle tissue, can hinder comparison of 
δ15N values for elasmobranch tissue samples among individuals or between taxa.  Urea is 
a byproduct of metabolism and is expected to be depleted in 15N (DeNiro & Epstein, 
1981), creating lower δ15N values and subsequently lower trophic level estimates for bulk 
tissue analyses that will vary depending on the amount of urea in a particular sample. 
Muscle tissue of hagfish can also contain TMAO at levels similar to those observed in 
marine elasmobranchs (reviwed in Currie & Edwards, 2010).  In order to make direct 
 14
protein-to-protein comparisons, soluble nitrogenous compounds should be removed 
before the remaining tissue is analyzed for δ15N values.  Recent studies have indicated 
that the removal of urea can have little effect (Logan & Lutcavage, 2010; Reum, 2011), a 
mild effect (Kim & Koch, 2012), or a moderate effect (Hussey et al., 2012) on δ15N 
values.  Further work is needed to investigate the effects of soluble nitrogen compounds 
on the δ15N values of elasmobranchs and hagfish.  In addition, where costs of analyses 
are a limiting factor, it is important to determine if reliable mathematical corrections 
might be developed to reduce the need to analyze multiple samples.  Normalizations have 
been proposed for a variety of aquatic animals (McConnaughey & McRoy, 1979; Post et 
al., 2007) and deep-sea fishes (Hoffman & Sutton, 2010) to account for the effects of 
variable amounts of lipids present in sampled tissues.  
 The goal of this study was to assess the effects of a standard chloroform/methanol 
extraction, which removes both lipids and soluble nitrogen compounds, on the stable 
isotope values of muscle tissue obtained from 10 species of sharks and three species of 
hagfish collected in deep-water (>200 meters) habitats of the Gulf of Mexico.  
Specifically, we were interested in examining the effect of extraction on δ15N, %N and 
C:N values and investigating whether it was possible to develop species-specific 
mathematical normalizations for non-extracted muscle δ15N values. 
 
Materials and methods 
Sampling methods 
 The effect of chloroform/methanol extraction was tested on a total of 222 
individuals from 10 species of sharks and three species of hagfish (Table 1).  Sample 
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sizes among examined species ranged from 3 to 35 individuals; six species were 
represented by n<10.   Animals were collected along the continental slope of the Gulf of 
Mexico offshore of Louisiana to central Florida during research cruises in April 2005, 
April 2011, August 2011, and April 2012.  Animals were sampled using demersal 
longlines with integrated traps.  A standard longline set consisted of 550m of mainline on 
the bottom with 50 baited gangions with five hook sizes and three types of baited traps 
(Churchill et al., 2015).  A small section of dorsal muscle tissue was removed from each 
individual and frozen onboard the research vessel for later processing. 
 An additional five individual sharks (Carcharhinus falciformis and Galeocerdo 
cuvier) were collected using pelagic longlines during a research cruise in October 2011. 
While these specific individuals were not collected in deep-water, both represented 
species that had been previously sampled using demersal longlines in waters >300 m 
deep. 
 
Stable Isotope Analysis 
 All muscle tissue was thawed and briefly (3-5 seconds) rinsed in deionized water 
to remove any debris and dried in a 60°C oven for a minimum of 48 hours.  Samples 
were then homogenized by hand using a mortar and pestle.  One portion of each sample 
was immediately prepared for bulk stable isotope analysis.  A second portion was 
prepared for extraction to remove soluble nitrogen compounds using a modified Bligh 
and Dyer (1959) chloroform/methanol extraction.  This process has been shown to 
remove both lipids and soluble nitrogen compounds (urea and TMAO) from 
elasmobranch muscle tissue (Hussey et al., 2012).  Dried, homogenized muscle tissue 
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was immersed in a 2:1 mixture of chloroform and methanol with a solvent volume three 
to five times greater than the powdered muscle.  Samples were vortexed for 30 seconds, 
left undisturbed for a minimum of 30 minutes, centrifuged for 10 minutes at 1318g and 
then decanted.  This process was repeated at least three times or until the supernatant was 
clear.  Samples were then re-dried overnight to remove excess solvent (Logan et al., 
2008).  No absolute measurements of amount of soluble nitrogen or lipid compounds 
were taken pre- or post-extraction.  Between 0.4-0.7mg of paired tissue samples, 
extracted (E) and non-extracted (BULK) for each shark or hagfish were then weighed 
into tin capsules.  Nitrogen isotope composition was measured on a ThermoFinnigan 
Delta C isotope ratio mass spectrometer (IRMS) coupled with a NA 1500 NE elemental 
analyzer at the Florida International University Stable Isotope Laboratory.  The 15N/14N 
isotopic ratios are expressed in conventional delta notation in per mil (‰) relative to the 
levels of 15N in atmospheric air.  IRMS error based on the repeat analysis of an internal 
glycine standard (n=74) was less than 0.1‰.  Approximately one sixth of the samples 
were run in duplicate.  The mean absolute difference and standard deviation between 
duplicates was 0.1±0.1‰ for δ15N.  All reported C:N ratios are based on atomic mass. 
 
Statistical analysis 
 The mean differences between extracted and BULK δ15N, %N, and C:N values 
(Δδ15N, Δ%N, and ΔC:N) were calculated for each species.  To examine if the observed 
differences were statistically significant, we used paired Student’s t-tests (n>20) or 
nonparametric Wilcoxon signed rank tests for species with small sample sizes (n<20).  
We also examined the relationship between mean δ15N-BULK, %N-BULK, or C:N-
 17
BULK values and mean Δδ15N values among all shark species using regression analysis.  
We were unable to include comparable analyses for hagfish species because of small 
sample sizes (n=3 species). 
 We conducted three linear regressions per species to generate a mathematical 
normalization of δ15N-E values using δ15N-BULK, C:N-BULK, or %N-BULK as 
predictors.  This was performed on a random sample of half of all individuals from each 
species with at least 24 individuals.  Using any relationships determined to be significant, 
the δ15N-BULK values of remaining individuals were normalized using the model 
estimates and compared to the extracted values using paired t-tests.  
 Values reported throughout the manuscript are means +/- SD.  All data were 
normally distributed and equal in variance, therefore no data transformations were 
necessary.  A criterion of p<0.05 was used for all statistical tests.  All analyses were 
completed in R (R Core Team, 2013). 
 
Results 
 Chloroform/methanol extractions had species-specific effects on δ15N, %N and 
C:N values (Table 2; Figure 1).  Six of the 10 shark species (Centrophorus cf. 
granulosus, Centrophorus niaukang, Etmopterus bigelowi, Mustelus canis, Squalus 
cubensis and Squalus cf. mitsukurii) - including all but two species with more than five 
individuals analyzed - and all of the hagfish species displayed significant, positive shifts 
in δ15N values after extraction procedures.  All of these species plus Hexanchus griseus 
and G. cuvier (which showed no significant shift in δ15N) displayed significant shifts in 
both %N and C:N values. Overall, sharks displayed an average shift of 0.7±0.5‰ in δ15N 
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values, -1.2±1.8% in %N values and 0.3±0.7 in C:N values among all species.  Hagfish 
displayed an average shift of 1.4±0.4‰ in δ15N values, 3.7±2.51% in %N values and -
2.4±2.3 in C:N values among all species. There were no significant relationships between 
mean Δδ15N and mean δ15N-BULK values (t=-1.50, p=0.171; Figure 2), %N-BULK 
(t=1.69, p=0.13) or C:N-BULK (t=-1.95, p=0.09; Figure 2). 
Four species of deep-water sharks and two species of hagfish with sufficient 
sample sizes (n≥24) were used to generate predictions of δ15N-E values using δ15N-
BULK, %N-BULK, or C:N-BULK (Table 3).  Three shark (C. cf. granulosus, S. cubensis 
and S. cf. mitsukurii) and two hagfish species (Myxine mcmillanae and Paramyxine 
springeri) displayed significant relationships between δ15N-E and δ15N-BULK values 
(Figure 3).  No significant relationships were found between δ15N-E and %N-BULK or 
C:N-BULK values in any of the examined species. Using the 5 significant relationships, 
we created species-specific mathematical normalizations for δ15N-BULK values (Table 
4).  The results of the paired t-tests indicate that the δ15N values derived from 
mathematical normalizations were not statistically different from δ15N-E values for all 
but one species (Table 4).  For two species, however, p-values were low enough to 
suggest the potential for Type II error.    
 
Discussion 
Understanding the effects of chloroform/methanol extraction on the tissues of 
sharks and hagfish is important for accurately interpreting δ15N values for ecological 
studies.  We observed shifts in %N, C:N and δ15N values as a result of the extractions 
(Figure 1).  There were significant shifts in %N and C:N in eight shark and three hagfish 
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species (Table 2).  Shifts in these values, however, were not unidirectional.  Six shark 
species displayed reductions in %N and increases in C:N values; likely the result of the 
removal of nitrogenous compounds (i.e., urea and TMAO).  Values of H. griseus and all 
hagfish species were affected in the opposite direction, displaying increases in %N and 
reductions in C:N values. For these species, it is likely that higher levels of lipids (i.e., 
large quantities of carbon) are present in the bulk muscle tissue and they are subsequently 
removed by the chloroform/methanol extraction.  While no data exist on the fat content in 
the muscle tissue of these species, a large amount of oily fluid or residue remained 
present after standard drying times that was not observed for other species sampled. 
Previous studies have reported small increases (>1‰) in δ15N values in the 
muscle tissue of teleosts after chloroform/methanol lipid extractions (Logan & 
Lutcavage, 2008; Sotiropoulos et al., 2004; Sweeting et al., 2006).  These observed 
changes have been attributed to the removal or alteration of some protein nitrogen or the 
removal of nitrogenous waste products (Logan & Lutcavage, 2008).  Our observed 
changes in δ15N values may have been a result of both the removal of urea and/or TMAO 
and protein-based nitrogen.  Other extraction techniques, such as a deionized water rinse 
of homogenized tissue (Kim & Koch, 2012; Logan & Lutcavage, 2010), could have less 
effect on proteins.  This method might not be suitable for individuals with high levels of 
lipids, as the oil present in the dried tissue could hinder the urea/TMAO extraction 
process. 
 
There were no significant relationships between mean Δδ15N and mean δ15N-
BULK, %N-BULK, or mean C:N-BULK values among shark species. If a single factor 
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(e.g. urea) were driving shifts in δ15N values with extraction, then we would expect 
significant relationships between Δδ15N values (affected by the removal of nitrogen 
compounds) and the %N and C:N values of bulk muscle tissues.  This was not the case 
likely because %N and C:N are affected both by the amount of both nitrogenous 
compounds (i.e., urea and TMAO) and more carbon-rich compounds (e.g., lipids) that 
can vary considerably within and among taxa and do not necessarily covary.  In the 
future, it may be beneficial to target individuals or species with naturally low lipid 
content for better insight into the effects of urea and/or TMAO removal on δ15N values. 
Given that both urea and TMAO are generally depleted in 15N, it is unsurprising 
that the extractions resulted in positive shifts of δ15N values, though these changes are 
variable and often species-specific.  We found that extraction resulted in statistically 
significant and biologically relevant (see below) changes in six of the sampled shark 
species (C. cf. granulosus, C. niaukang, E. bigelowi, M. canis, S. cubensis, and S. cf. 
mitsukurii) and all of the sampled hagfish species.  For sharks, δ15N values increased as a 
result of chloroform-methanol extractions with a mean (±SD) of 0.7±0.5% across all 
species.  This was less than the 1.8±0.1‰ reported by Kim and Koch (2012) for leopard 
sharks but similar to the 0.6±0.6‰ reported by Hussey et al. (2012) for 21 species of 
elasmobranchs.  Hussey et al. (2012) found that the greatest differences between 
extracted and bulk δ15N values were observed in marine elasmobranchs (-0.1 to 1.4‰), 
followed by laboratory-sampled (0.8 to -0.1‰) and then estuarine (-0.1 to 0.4‰) species.  
The differences observed in the deep-water sharks included in this study were 
comparable to the estuarine and some laboratory-sampled elasmobranchs, suggesting that 
the observed habitat gradient might not hold true for all shark species.    
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Our results support the conclusion that the removal of urea is important when 
interpreting δ15N values of deep-sea sharks.  Using a standard trophic discrimination 
factor of 3.4‰ (Wada et al., 1991), this represents approximately 0.2 trophic levels.  
However, trophic discrimination of δ15N values may be much smaller at higher trophic 
levels.  Using a scaled trophic framework, Hussey et al. (2014) reported discrimination 
factors of 3.4‰ and 5.1‰ for trophic level 3 consumers decreasing to 0.9‰ and 0.6‰ 
for trophic level 7.  If this is true in our study system, the observed changes in δ15N 
values represent a larger potential source of error in interpreting the trophic position of 
upper-level consumers such as sharks.  Regardless of the accuracy of varying trophic 
level discrimination factors for sharks or hagfish, individual differences in the amount of 
soluble nitrogen compounds create an appearance of more trophic variation than actually 
exists.  Accounting for the effects of urea and/or TMAO on δ15N values must be done to 
obtain more ecologically meaningful values.   
The observed mean (±SD) increases (1.4±0.4‰) in δ15N across the three species 
of hagfish were greater than in all deep-water shark species.  Using the standard 
discrimination factor, this represents approximately 0.4 trophic levels, twice that 
observed for deep-water sharks in this study.  The removal of nitrogenous compounds 
from hagfish tissues, therefore, is crucial for making accurate ecological interpretations 
of δ15N values.  Previous studies of hagfish trophic ecology (e.g., McLeod & Wing, 2007; 
Zintzen et al., 2013) did not perform extraction of muscle tissue or account for the 
potential bias TMAO might introduce into the interpretation of δ15N values.  These 
results should be interpreted with caution since hagfish likely are feeding at higher 
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trophic levels than previously reported if the presence of TMAO decreased δ15N values, 
as appears likely based on our results.  
We were able to create species-specific mathematical correction factors for two of 
four deep-water shark and two hagfish species examined with the largest sample sizes 
(n>24).  In general, the differences between the predicted and observed δ15N values were 
small in magnitude relative to analytical (IRMS) error, suggesting that using 
mathematically normalized δ15N values should not affect the interpretation of patterns in 
stable isotope results of these species.  This method, however, should be used with 
caution.  One shark species (C. niaukang) displayed no significant relationships between 
δ15N-E and δ15N-BULK, %N-BULK, or C:N-BULK values, making mathematical 
normalization impossible.  Also, the normalized δ15N values calculated for S. cubensis 
were significantly different from δ15N-E values, rendering the normalization useless.  
Correction factors might not be suitable for every species, but when sufficient samples 
and clear relationships are present, they can reduce study costs if a subset of all samples 
collected (e.g. n=30) are extracted, rather than simply performing extractions of all 
samples collected.  The general applicability of specific correction factors does need 
further work and would require samples from the same species from multiple populations 
and/or environments.  It will also be critical to find a way to separate out the effects of 
lipids and nitrogen compounds on δ13C and δ15N values.  Our results lay the foundation 
for such studies in the future.  Although the exact correction factors presented in this 
study may not be broadly applicable, our results highlight the need to extract urea/TMAO 
from all individuals sampled, or to generate species-specific corrections for these deep-
sea taxa.  This information will be applicable to a wide variety of researchers. 
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Table 1 Muscle samples used to test the effects of a chloroform/methanol extraction on 
δ15N values of deep-water sharks and hagfish. 
 
Species Common name  n 
Carcharhinus falciformis Silky shark  3 
Carcharhinus signatus  Night shark  4 
Centrophorus cf. granulosus Gulper shark  30 
Centrophorus niaukang Taiwan gulper shark  35 
Etmopterus bigelowi Blurred lantern shark  10 
Galeocerdo cuvier Tiger shark  8 
Hexanchus griseus Bluntnose sixgill shark  9 
Mustelus canis Dusky smooth-hound  6 
Squalus cubensis Cuban dogfish  27 
Squalus cf. mitsukurii Shortspine spurdog  32 
Eptatretus minor None (Hagfish)  6 
Myxine mcmillanae Caribbean hagfish  24 
Paramyxine springeri Gulf hagfish  28 
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Table 2 The results of Wilcoxon signed rank tests comparing chloroform/methanol extracted and whole muscle  
δ15N, %N and C:N values of deep-water sharks and hagfish.  Significant values (p<0.05) are bold. 
  δ15N %N 
 
Species 
 
n 
Mean δ15N-
BULK±SD 
(‰) 
Mean 
δ15N-E±SD 
(‰) 
Test 
statistic 
 
p 
Mean 
%N-
BULK±SD 
Mean 
%N-
E±SD 
Test 
statistic 
 
p 
Sharks          
  Carcharhinus falciformis 3 13.1±1.2 13.8±1.3 V=0 0.250 16.6±1.0 15.6±0.6 V=6 0.250 
  Carcharhinus signatus 4 11.0±0.7 11.8±0.1 V=1 0.250 16.6±0.7 15.5±0.6 V=10 0.125 
  Centrophorus cf. 
granulosus 
30 14.5±0.9 15.0±0.9 t=-6.94 <0.001 16.5±0.5 15.1±0.6 t=9.69 <0.001 
  Centrophorus niaukang 35 12.4±0.7 13.3±0.8 t=-8.40 <0.001 16.6±1.4 15.0±0.5 t=5.92 <0.001 
  Etmopterus bigelowi 10 11.6±0.8 12.3±0.8 V=0 0.006 15.7±1.0 14.7±0.8 V=53 0.006 
  Galeocerdo cuvier 8 12.3±0.7 12.5±0.9 V=9 0.233 16.7±0.7 15.2±0.5 V=36 0.008 
  Hexanchus griseus 9 13.4±0.4 13.8±0.7 V=9 0.129 11.1±2.6 14.7±0.5 V=0 0.004 
  Mustelus canis 6 12.7±1.3 13.4±0.9 V=0 0.031 16.6±0.5 15.4±0.4 V=21 0.033 
  Squalus cubensis 27 12.3±0.7 13.0±0.6 t=-10.10 <0.001 17.2±1.5 14.9±1.0 t=7.97 <0.001 
  Squalus cf. mitsukurii 32 12.1±0.6 12.8±0.4 t=-10.00 <0.001 16.5±0.9 15.1±0.8 t=7.60 <0.001 
Hagfish          
  Eptatretus minor 6 11.8±0.6 13.5±1.0 V=0 0.031 7.9±1.4 14.1±0.4 V=0 0.031 
  Myxine mcmillanae 24 13.4±0.9 14.7±0.7 t=-12.66 <0.001 12.5±0.5 14.0±1.1 t=-6.62 <0.001 
  Paramyxine springeri 28 11.4±1.0 12.9±1.0 t=-21.92 <0.001 8.8±2.1 13.9±0.7 t=-13.72 <0.001 
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(Table 2 continued) 
 C:N 
 
Species 
Mean C:N-
BULK±SD 
Mean  
C:N-E±SD 
Test 
statistic 
 
p 
Sharks     
  Carcharhinus falciformis 2.8±0.2 3.1±0.1 V=1 0.500 
  Carcharhinus signatus 2.6±0.1 3.1±0.1 V=0 0.125 
  Centrophorus cf. granulosus 2.8±0.1 3.2±0.1 t=-13.64 <0.001 
  Centrophorus niaukang 2.7±0.1 3.2±0.1 t=-14.76 <0.001 
  Etmopterus bigelowi 2.8±0.2 3.2±0.1 V=0 0.006 
  Galeocerdo cuvier 2.8±0.2 3.1±0.1 V=0 0.008 
  Hexanchus griseus 5.1±1.5 3.2±0.1 V=45 0.004 
  Mustelus canis 2.7±0.1 3.1±0.1 V=0 0.036 
  Squalus cubensis 2.6±0.1 3.2±0.1 t=-21.66 <0.001 
  Squalus cf. mitsukurii 2.7±0.1 3.1±0.1 t=-21.16 <0.001 
Hagfish     
  Eptatretus minor 7.7±2.0 3.3±0.1 V=21 0.031 
  Myxine mcmillanae 3.9±0.2 3.2±0.1 t=13.18 <0.001 
  Paramyxine springeri 6.9±2.4 3.3±0.1 t=-13.72 <0.001 
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Table 3 Results for linear regression analysis of δ15N-E by δ15N-BULK, %N-BULK, and C:N-BULK for deep-water shark and 
hagfish species.  Starred values indicate a significant relationship. Significant values (p<0.05) are bold. 
  δ15N-BULK %N-BULK C:N-BULK 
Species n R2 t p R2 t p R2 t p 
Centrophorus cf. granulosus 15 0.86 9.00 <0.001 0.22 -1.91 0.078 0.15 1.52 0.153 
Centrophorus niaukang 18 <0.01 0.12 0.910 0.21 -1.91 0.078 0.10 -1.32 0.206 
Squalus cubensis 14 0.76 6.23 <0.001 0.03 -0.65 0.526 0.11 1.23 0.242 
Squalus cf. mitsukurii 16 0.34 2.71 0.017 <0.01 -0.14 0.887 0.06 1.43 0.357 
Myxine mcmillanae 12 0.66 4.40 0.001 <0.01 -0.04 0.969 0.16 1.41 0.190 
Paramyxine springeri 14 0.78 6.57 <0.001 0.13 1.32 0.210 0.07 -0.96 0.358 
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Table 4 Results for paired t-tests, including the mean difference (±SD), comparing extracted and mathematically normalized δ15N 
values in deep-sea sharks and hagfish. Significant values (p<0.05) are bold.  These represent situations where mathematical 
corrections performed poorly. 
Species Equation n Mean±SD t p 
Centrophorus cf. granulosus δ15N-E = 1.80 + 0.91 × δ15N-BULK 15 -0.16±0.36 1.71 0.109 
Squalus cubensis δ15N-E = 3.47 + 0.77 × δ15N-BULK 13 -0.14±0.19 2.79 0.016 
Squalus cf. mitsukurii δ15N-E = 7.67 + 0.42 × δ15N-BULK 16 0.05±0.23 -0.83 0.418 
Myxine mcmillanae δ15N-E = 6.36 + 0.62 × δ15N-BULK 12 0.14±0.25 -1.86 0.089 
Paramyxine springeri δ15N-E = 3.84 + 0.78 × δ15N-BULK 14 -0.36±0.02 0.16 0.872 
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Figure 1 Average differences in δ15N, %N, and C:N (at%) values between 
chloroform/methanol extracted muscle tissue and bulk muscle tissue of sharks (circles) 
and hagfish (squares).  Error bars represent standard deviation.  Filled circles represent 
statistically significant differences (Table 2). 
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Figure 2 Relationship between mean Δδ15N and mean δ15N-BULK (A), %N-BULK (B) 
or C:N-BULK (C) values among all shark species. 
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Figure 3 Relationship between δ15N-BULK and δ15N-E in three species of sharks and 
two species of hagfish. Dotted lines indicate 95% confidence intervals for linear 
regressions. 
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CHAPTER III 
TROPHIC INTERACTIONS OF DEEP-SEA SCAVENGERS IN THE GULF OF 
MEXICO 
  
 35
Abstract 
Scavengers often are important links in food webs and can be important to 
ecosystem dynamics through recycling energy and nutrients back into food webs quickly.  
The guild of scavengers is likely an important component of deep-sea food webs because 
these communities derive much of their energy resources via allochthonous inputs from 
surface waters in the form of photodetritus or discrete food-falls of marine carrion. Our 
aim was to examine the trophic interactions of mobile, benthic predator-scavengers in the 
deep-sea habitats of the northern and eastern Gulf of Mexico (GoM).  We used stable 
isotope analysis (C and N) to investigate regional variation among common scavenger 
species, as well as intraspecific variation in trophic interactions.  We were able to create 
taxa-specific mathematical corrections for δ13C values to account for the high levels of 
lipids present in the sampled muscle tissue.  We found significant spatiotemporal 
variation in δ13C and/or δ15N values within the most common species sampled 
(Bathynomus giganteus, Chaceon quinquedens, Eptatretus springeri and Myxine 
mcmillanae).  There were no strong relationships between isotopic values and either 
depth or body size.  We observed some variation in both carbon and nitrogen mean 
values among scavengers within each sampling region.  However, there was also a 
moderate amount of isotopic niche overlap of individual species when comparing all 
individuals collected within each region. The present study provides an important 
characterization of the trophic interactions of deep-sea scavengers in the Gulf of Mexico 
and establishes system baselines for future investigations. 
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Introduction 
Scavengers often are important links in food webs and can be important to 
ecosystem dynamics through recycling energy and nutrients back into food webs quickly.  
Large-bodied scavengers, which can form critical links in detrital pathways, vary from 
species that are largely obligate scavengers (e.g., vultures; Houston, 2001) to those that 
consume detritus opportunistically and primarily function as predators (e.g., wolves, 
lions, and hyenas; reviewed in Pereira et al., 2014). Much of this variation can be 
explained by the unpredictable nature of detritus, especially carrion, as a resource in 
space and time (Nowlin et al., 2008).  For example, in the Serengeti, the availability of 
wildebeest carcasses, an important food source for scavengers, is highly variable, with 
the majority of deaths occurring during the 4-month dry season. Spatiotemporal variation 
in carrion or detritus availability could be an important force underlying the movement 
and spatial distributions of scavengers (Blazquez et al., 2009; Cortes-Avizanda et al., 
2009).  In both aquatic and terrestrial systems, scavenging can be involved in up to 45% 
of food web links, highlighting the potential for scavengers, and detrital food webs, to 
exert strong influences on ecosystem dynamics (Moore et al., 2004; Schmitz et al., 2008; 
Wilson & Wolkovich, 2011).  
Scavengers are likely an important component of deep-sea food webs because these 
communities derive much of their energy resources via allochthonous inputs from surface 
waters (Meyers, 1997; Vetter & Dayton, 1999; Witte, 1999).  These resources may be in 
the form of photodetritus (Billett et al., 1983), typically a mix of dead plankton, fecal 
pellets and bacteria (Gooday, 2002), or discrete food-falls of marine carrion (Smith 1985, 
Tyler et al. 1993).  Bacteria and benthic invertebrates usually consume small particulate 
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matter (Drazen et al., 2008; Smith et al., 2002; Witte et al., 2003), while mobile benthic 
scavengers, such as crustaceans and hagfish, consume large food windfalls (Kemp et al., 
2006; Witte, 1999).  Because of the scarcity of food resources in deep-sea environments, 
many carnivores act as facultative scavengers, ingesting any organic material, living or 
dead, that is encountered (Thistle, 2003).  Many large predators (e.g., sharks) in the deep-
sea are likely to scavenge at least opportunistically (Compagno, 1984).  The opposite is 
also true – species thought of as scavengers may also be active predators.  For example, 
hagfish, traditionally thought to be scavengers, have been documented capturing teleosts 
(Zintzen et al., 2011).  Geryonid crabs opportunistically feed on carcasses and small 
benthic organisms; larger crabs may also be capable of capturing demersal fish and squid 
(Domingos et al., 2008).  The quick use of food resources by mobile benthic organisms 
facilitates the dispersal of nutrients throughout the deep-sea system and the incorporation 
of energy back into food webs.   
Investigation of food webs in the deep-sea is challenging both in terms of sample 
collection and method of study.  Low sample sizes, damaged samples, and gut eversion 
make traditional approaches, such as stomach content analysis, very difficult.  An 
alternative approach to study trophic dynamics is stable isotope analysis.  The stable 
isotope technique is becoming increasingly important in studies of trophic interactions 
(Fry, 2006).  The method is able to provide information integrated over longer time 
frames on the basis of assimilated, rather than ingested, material (Peterson & Fry, 1987; 
Vander Zanden & Rasmussen, 2001).  The method derives from the fact that isotopic 
ratios pass to consumers in predictable ways.  Ratios of 15N:14N relative to a standard 
(δ15N) can be used to estimate relative trophic position because 15N is generally enriched 
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at each trophic transfer (Caut et al., 2009; Post, 2002) as a result of the preferential 
excretion of 14N by organisms.  Ratios of 13C:12C relative to a standard (δ13C) are related 
to the photosynthetic pathways of primary production in an individual’s diet and foraging 
location (del Rio et al., 2009; Post, 2002).  Since carbon ratios are generally conserved 
through trophic transfers (Fry & Sherr, 1989), δ13C values can be used to elucidate 
sources of primary production across many trophic levels.  However, three important 
drawbacks for stable isotope analysis are the inability to identify specific prey items, the 
possibility that multiple trophic pathways can arrive at the same δ13C and δ15N values, 
and the high degree of variability in discrimination factors among taxa (Kim et al. 2012).  
The goal of the present study was to examine the trophic interactions of mobile, 
benthic scavengers in the deep-sea habitats of the northern and eastern Gulf of Mexico 
(GoM).  We used stable isotope analysis (C and N) to investigate regional variation 
among common predator-scavenger species, as well as intraspecific variation in trophic 
interactions.  In particular, we sought to provide baseline data, which may be used to 
understand variation in a deep-sea system and provide a benchmark for future 
comparisons. 
 
Materials and methods 
Study Site 
 Sampling took place along the continental slope off the south-central Gulf coast 
of Florida to Louisiana (Figure 1).  The southern sampling sites were located on the West 
Florida Slope (WFS), approximately 270 km southeast of Tampa, Florida.  Stations were 
concentrated on the continental slope in depths of approximately 250 to 2000 m, however 
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all animals used in this study were captured at depths shallower than 1600 m.  The 
northern sites were spread across the northern slope of the Gulf (NGS) from an area 
approximately 25 km offshore of the Mississippi River (MR) delta through DeSoto 
Canyon (DC) and east onto the north Florida slope to an area 85 km southwest of Cape 
San Blas, Florida (Figure 1).  These locations included sites on the continental slope to 
the east and west of DeSoto Canyon, along the canyon’s eastern rim, and on the canyon 
floor.  Depth ranges for these stations were approximately 200 to 2000 m.  Sampling 
stations at the northern and southern sites were chosen to match depth and topography 
along a broad shelf and onto the slope.  Samples from the NGS-MR region were ca. 
35km from the site of the Deepwater Horizon oil spill, which occurred from April 20 to 
September 19, 2010. 
 
Sampling Methods 
Hagfish, isopods and crabs were collected as part of a larger fishery-independent 
survey during research cruises aboard the R/V Weatherbird II in April 2011, August 
2011, and April 2012.  Additional samples were obtained from an April 2005 cruise to 
the WFS.  Each cruise in 2011-2012 included sampling in both the NGS (39 stations and 
85 total sets) and the WFS (14 stations and 68 total sets).  Sampling involved deploying 
two or three successive sets of demersal longlines with three integrated traps: a small box 
trap (60 cm x 60 cm x 38 cm with 2.5 cm mesh), a cylindrical trap (60 cm x 35 cm with 
1.0 cm mesh) designed to capture hagfish and a small shrimp trap (40 cm x 20 cm x 15 
cm with 1.0 cm mesh).  All traps were baited with menhaden (Brevoortia sp.) or northern 
mackerel (Scomber scombrus).  Each set was delpoyed within a 30 minute period and 
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retrieved following a soak of 4-8 hr.   For additional sampling protocols, see Churchill et. 
al (Churchill et al., 2015b). 
Once the animals were on board, each individual was identified to species, weighed 
and measured.  We collected muscle from the dorsal region of the hagfish using clean 
scalpel blades.  Samples were immediately frozen for later processing.  All invertebrates 
were frozen whole for later processing. 
 
Stable Isotope Analysis 
 Tissues used for stable isotope analyses were prepared using standard procedures.  
All hagfish muscle tissue was thawed and then rinsed briefly in deionized water. 
Invertebrate specimens were thawed and muscle tissue was removed from one or more 
legs (crabs) or plucked from the tail (shrimp).  All tissue was then dried a minimum of 48 
hours in a 60°C oven and ground to a fine powder. Homogenized samples were weighed 
out to the nearest microgram and packed into tin capsules.  Samples were then analyzed 
on a ThermoFinnigan Delta C mass spectrometer at the Florida International University 
SERC Stable Isotope Laboratory to determine δ13C and δ15N values.  The error of the 
isotope-ratio mass spectrometer derived from repeat analyses of an internal glycine 
standard was less than 0.1‰ (n=80) during the present study.  Approximately one-sixth 
of the samples were run in duplicate.  The mean (± standard deviation) absolute 
difference between duplicates was 0.1±0.1‰ for δ13C and δ15N.  All reported C:N ratios 
use atomic mass values.  
 Many marine organisms, including crustaceans, have hard structural parts 
partially composed of inorganic carbonates.  Inorganic carbon is generally enriched in 
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13C (Fritz & Poplawski, 1974), leading to higher δ13C values than might be observed 
from diet alone.  Often, samples are washed or fumigated with hydrochloric acid prior to 
analysis to remove non-dietary inorganic carbon.  Acidification may be avoided if the 
organism is sufficiently large to dissect out muscle tissue, allowing for carbonate-free 
samples (Mateo et al., 2008).  Removal of muscle tissue was possible with all crustaceans 
included in this study.  Consequently, no muscle tissue was acidified prior to carbon 
isotope measurements.  Moreover, acidification can result in unpredictable variation in 
%C and δ13C values (Brodie et al., 2011) and might have negatively impacted subsequent 
analyses. 
Lipids tend to be depleted in 13C (DeNiro & Epstein, 1977; Tieszen et al., 1983) 
relative to protein, and extractions are recommended for samples where the C:N ratio > 
3.5 (Post et al., 2007).  Therefore, a subset of muscle samples from each species was lipid 
extracted (n=20 or all collected samples with C:N>3.5 if n<20 per species).  Samples 
were chosen to encompass the total range of C:N ratios of unextracted muscle tissue 
present in all sampled individuals within each species.  Dried, powdered samples were 
immersed in a mixture of chloroform and methanol (2:1) with a solvent volume three to 
five times greater than that of the sample.  Samples were then vortexed for 30 seconds, 
left undisturbed for at least 30 minutes and centrifuged for 10 min at 1318 g.  The 
extraction process was repeated at least three times or until the supernatant was clear 
(Bligh & Dyer, 1959; Logan et al., 2008).  Samples were then re-dried, weighed and 
analyzed for carbon isotopic composition.   
For species where a large number of individuals (n>20) had high muscle lipid 
content, we created mathematical normalizations to correct δ13C values.  To make a 
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correction, we used three possible models to predict the change in δ13C values after lipid 
extraction (Δδ13C) for whole muscle (BULK) C:N ratio. 
(1) Linear: ݕ = ܽ + ܾݔ 
(2) Michaelis-Menten: ݕ = ௔௫ଵା௕௫ 
(3) Logarithmic: ݕ = ܾ + ܽ ln(ݔ) 
These models were selected because of previous use for lipid normalization of δ13C 
values (Ehrich et al., 2011; Hoffman & Sutton, 2010; Post et al., 2007).  We used 
Akaike's information criterion with a second order bias correction (AICc) to select the 
most parsimonious relationship among variables by selecting the model with the lowest 
AICc value.  These species-specific equations were used to generate lipid-normalized 
δ13C values for all individuals where C:N-BULK>3.5 and lipid extracted (LE) δ13C 
values were not available.  We also compared our mathematical normalizations to those 
presented by Post et al. (2007) and Hoffman and Sutton (2010) using either a Student’s t-
test or a Wilcoxon signed rank test, if sample sizes were small. 
 The muscle tissue of hagfish contains high levels of trimethylamine oxide 
(TMAO; reviewed in Currie & Edwards, 2010).  The TMAO, a byproduct of metabolism, 
is expected to be depleted in 15N, creating lower δ15N values and subsequent lower 
trophic level estimates than in organisms that lack TMAO.  We used 
chloroform/methanol extractions to remove TMAO from hagfish muscle tissue prior to 
analysis.  For individual hagfish where extracted δ15N values were not available, 
primarily because of logistical constraints of large sample sizes, we used species-specific 
mathematical normalizations developed for these species (Churchill et al., 2015a).  We 
report and use normalized δ15N values for all hagfish. 
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 We used analysis of variance and Student’s t-tests to examine intraspecific spatial 
and temporal variation in stable isotope values.  Where necessary, because of small or 
unbalanced sample sizes, we used a Wilcoxon signed rank test (test statistic V) instead of 
a Student’s t-test.  Because of small sample sizes and variation in the abundance of 
common species, we were not able to complete full factorial analyses.  For Bathynomus 
giganteus (Giant Isopod), Chaceon quinquedens (Red Deep-Sea Crab), Eptatretus 
springeri (Gulf Hagfish), and Myxine mcmillanae (Caribbean Hagfish) we were able to 
investigate variation between sampling regions.  For B. giganteus, we were able to 
compare individuals from the NGS-DC and WFS regions across all 2011-2012 sampling 
times and from the NGS-MR region in August 2011 and April 2012.  We were able to 
compare C. quinquedens individuals collected across all 2011-2012 sampling times in the 
NGS-DC, April 2012 in the NGS-MR and April 2011 and 2012 in the WFS.  For E. 
springeri, we compared individuals from all 2011-2012 sampling times in NGS-DC, 
August 2011 and April 2011 in the NGS-MR, and April 2011 in the WFS.  We were able 
to examine temporal differences of stable isotope values within specific sampling regions 
for B. giganteus, Chaceon fenneri (Golden Deep-Sea Crab), C. quinquedens, E. springeri, 
Heterocarpus ensifer (Armed Nylon Shrimp), and M. mcmillanae. 
 We used linear regression to investigate the effects of body size on δ13C and δ15N 
values within species where sample size was ≥ 25.   We used the following measurements 
for size: total length (isopods), carapace width (crabs) and carapace length (shrimp).  We 
also used linear regression to investigate the relationship between mean body size (mass) 
and mean δ15N values across all deep-sea scavenger species collected as part of the 
present study.  The analysis was done separately for each sampling region.  Finally, linear 
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regression was used to assess the effects of capture depth on δ13C and δ15N values within 
each species with adequate sample sizes (n≥25). For species with significant 
spatiotemporal variation in stable isotope values, we limited our analyses to specific 
sampling regions and/or times to reduce the effect of possible confounding variables. 
For interspecific comparisons, we used one-way analysis of variance with a 
Tukey's poc-hoc test for paired contrasts. Because a full factorial analysis was not 
possible, we pooled individuals of the same species from different times (April 2005, 
April 2011, August 2011, April 2012).  Species with less than five captured individuals 
were not included in analyses. The analysis was performed separately for the NGS-MR, 
NGS-DC and WFS sampling regions.  
 We used metrics presented in Layman et al. (2007) to compare community-level 
trophic interactions in each sampling region (NGS-DC, NGS-MR, and WFS).  Total area 
(TA) is an indication of the isotopic niche width of a population or community in isotopic 
bi-plot space.  The δ13C range is an estimate of the diversity of basal resources and the 
δ15N range provides an estimate of diversity of trophic levels of the species when at the 
population scale.  The TA metric is sensitive to differences in sample size.  To account 
for this, we present the stable isotope Bayesian ellipses for each species (Jackson et al., 
2011), which provides an estimate of the core isotopic niche width of a species. We also 
calculated the percent of TA and Bayesian ellipse that were unique to each species in 
each region.  All stable isotope metrics were calculated using the SIAR package (Parnell 
& Jackson, 2013). 
 Unless otherwise noted, all data were normally distributed and equal in variance.  
All analyses were completed in R, version 3.0.2 (R Core Team, 2013).  
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Results 
A total of 1263 individual scavengers from six species were captured at depths ranging 
from ca. 200 to 1100 meters (Figure 2).   The size distributions of the six most common 
species are shown in Figure 3. 
From these individuals, we collected and processed 519 muscle tissue samples 
(Table 1).  All but one species (Acanthephyra sp.) had individuals with C:N-BULK>3.5, 
indicating the necessity for lipid extractions (Figure 4).  A total of 109 muscle tissue 
samples were lipid-extracted and reanalyzed (B. giganteus: n=18, C. fenneri: n=3, C. 
quinquedens: n=7, E. minor: n=4, E. springeri: n=41, H. ensifer: n=8, and M. 
mcmillanae: n=28).  The δ13C-LE values were significantly different from values 
generated using the equation proposed by Post et al. (2007) in C. quinquedens (V=0, 
p=0.016), E. springeri (t=3.18, p<0.01), H. ensifer (V=36, p<0.01), and M. mcmillanae 
(t=7.76, p<0.01) but not in B. giganteus (t=1.06, p=0.30), C. fenneri (V=5, p=0.5), and E. 
minor (V=3, p=1).  We also found significant differences between the δ13C-LE values 
and those generated by the equation proposed by Hoffman and Sutton (2010) in B. 
giganteus (t=6.64, p<0.01), H. ensifer (V=36, p<0.01), and M. mcmillanae (t=13.35, 
p<0.01) but not in C. fenneri (V=6, p=0.25), C. quinquedens (V=19, p=0.47), E. minor 
(V=6, p=0.25), and E. springeri (t=0.69, p=0.49). 
We were able to create lipid normalization models for B. giganteus, E. springeri, 
H. ensifer, and M. mcmillanae using linear, Michaelis-Menten, and Logarithmic models 
(Table 2).  All models were statistically significant, but we chose the best on the basis of 
the lowest AICc value.  For B. giganteus, this was the logarithmic model; for H. ensifer 
and E. springeri, the Michaelis-Menten model; and for M. mcmillanae, the linear model.  
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These species-specific models were used to generate lipid-normalized δ13C values for any 
individuals where C:N-BULK > 3.5 and lipid extractions were not performed. For all 
individuals with a C:N ratio of less than 3.5, the δ13C of bulk muscle tissue was used for 
all analyses. 
We found significant intraspecific spatial and temporal variation in stable isotope 
values.  Bathynomus giganteus differed between NGS-DC, NGS-MR and WFS sampling 
regions in δ13C (F=9.51, p<0.01) and δ15N values (F=25.16, p<0.01; Figure 5).  Post-hoc 
analyses revealed that individuals from the NGS-MR possessed δ13C values ca. 0.5‰ 
lower than in the NGS-DC and WFS.  The NGS-MR had the highest δ15N values 
(14.6‰), followed by NGS-DC and then WFS.  Among C. quinquedens individuals in 
the NGS-DC and WFS regions, δ13C values were lower in the NGS-DC (0.4‰, 
W=314.5, p=0.009) but δ15N values were higher in the northern region (0.7‰, W=320, 
p=0.01).  Eptatretus springeri caught in the NGS-MR possessed higher δ15N values than 
those in the NGS-DC (0.9‰, W=283, p<0.01) but there were no observed differences in 
δ13C values (W=686.5, p=0.16).  M. mcmillanae from the NGS-MR also had higher δ15N 
values than in the NGS-DC (0.8‰, W=35.5, p=0.03) but no difference was seen in δ13C 
values (W=97, p=0.68).  We detected significant temporal variation among three (B. 
giganteus, C. quinquedens, and E. springeri) out of six species of deep-sea scavengers 
(Table 3) but there was no consistent pattern across species from 2011 to 2012.  We also 
found significant spatiotemporal variation in isotopic values when comparing multiple 
sampling times across all sampling regions in B. giganteus (δ13C: F=14.18, p<0.01; δ15N: 
F=12.63, p<0.01), C. quinquedens (δ13C: F=7.85, p<0.01; δ15N: F=3.38, p=0.02), and E. 
springeri (δ13C: F=3.90, p=0.01; δ15N: F=11.42, p<0.01; Figure 5). 
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We were able to examine the relationship between body size and isotopic values 
in six species of scavengers (Table 4; Figure 6).  Chaceon fenneri and M. mcmillanae had 
no relationship between size and either δ13C or δ15N values.  Bathynomus giganteus 
displayed a positive relationship between total length and δ13C values, but a negative 
relationship to δ15N values.  Eptatretus springeri showed positive relationships between 
total length and both δ13C or δ15N values.  Chaceon quinquedens had a positive 
relationship between carapace width and δ13C values, but no relationship for δ15N values.  
Heterocarpus ensifer had a positive relationship between carapace length and δ15N 
values, but not with δ13C values.  These relationships, though significant, were quite 
weak (R2<0.3), indicating that much of the variation among individuals is not a result of 
ontogenetic shifts in diets or foraging locations. 
We were able to examine the relationship between capture depth and isotopic 
values within six scavenger species (Table 5).  Bathynomus giganteus displayed a weak 
(i.e., low R2) but positive relationship between depth and δ13C values, but no relationship 
with δ15N values.  Heterocarpus ensifer and E. springeri had weak but significant 
negative relationships between depth and δ15N values, but no relationship with δ13C 
values.  Chaceon fenneri, C. quinquedens, and M. mcmillanae showed no relationship 
between depth and either δ13C or δ15N values. 
 There was significant variation among δ13C values in the NGS-MR, NGS-DC and 
WFS sampling regions (F=38.05, p<0.01) with the NGS-MR displaying the highest δ13C 
values, followed by the NGS-DC and then the WFS.  We also observed significant 
differences among δ15N values among the three sampling regions (F=61.25, p<0.01) than 
the WFS region.  Similar to what was observed in individual species, the NGS-MR 
 48
possessed the highest δ15N values, followed by the NGS-DC and then the WFS.  Both the 
NGS-DC and WFS regions had similar δ13C (NGS-DC: 3.8‰, WFS: 3.3‰) and δ15N 
ranges (NGS-DC: 6.6‰, WFS: 6.9‰).  However, the NGS-MR displayed reduced δ13C 
(1.7‰) and δ15N ranges (4.5‰) when compared to the other two regions. 
At the community level, there was no significant relationship between mean body 
size and mean δ15N values in either the NGS-DC (t=1.16, p=0.27; Figure 7b) or WFS 
sampling region (t=0.11, p=0.92; Figure 7c).  However, there was a significant 
correlation in the NGS-MR region (t=0.11, p=0.92; Figure 7a) 
We observed significant variation in isotopic values in all sampling regions.  In 
the NGS-MR region, there were significant differences among species in δ15N values 
(F=9.97, p<0.001) but not in δ13C values (F=1.45, p=0.25; Figure 8a).  Myxine 
mcmillanae had the highest δ15N value in this region, but post-hoc analysis showed that 
there was no significant difference between this species and B. giganteus.   In the NGS-
DC region, there was significant variation among species in both δ13C (F=37.77, p<0.01) 
and δ15N values (F=144.6, p<0.01; Figure 8b).  Myxine mcmillanae had the highest 
average δ13C and δ15N values in this region.  Of the species with enough individuals for 
inclusion in the analyses, C. quinquedens had the lowest δ13C and δ15N values; however, 
the single Acanthephyra sp. individual had the lowest overall isotopic values.  In the 
WFS region, there was also significant variation among species in both δ13C values 
(F=87.7, p<0.01) and δ15N values (F=376.2, p<0.01; Figure 8c).  Among species 
collected in the southern sampling region, B. giganteus had the highest average δ13C and 
δ15N values, while H. ensifer had the lowest. 
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 In agreement with the post-hoc analysis of the interspecific variation in δ13C and 
δ15N values, we observed some overlap among the isotopic niche spaces of species within 
the NGS-DC, NGS-MR and WFS sampling regions, as defined by the TA and Bayesian 
ellipse metrics (Table 6; Figure 9).  In the NGS-MR region, B. giganteus and C. 
quinquedens had >60% unique area, with 68% and 93% unique ellipse areas, 
respectively.  M. mcmillanae only displayed 2.5% unique TA, but 47% unique ellipse 
area.  In the NGS-DC region, B. giganteus and M. mcmillanae had >50% unique TA and 
>80% unique ellipse area.  Chaceon quinquedens and E. minor displayed the highest 
amount of isotopic niche overlap with other species, with <10% unique TA, but 42% and 
56% unique ellipse area, respectively.  In the WFS region, B. giganteus and H. ensifer 
both had >90% unique TA and ellipse space. E. springeri  and C. fenneri had <30% 
unique TA and <45% unique ellipse area, indicating a high amount of niche overlap with 
other species. 
 
Discussion 
δ13C normalizations 
 Many deep-sea organisms possess high lipid content, and our results highlight the 
necessity of normalizing δ13C values either by chemical extraction or mathematical 
correction in order to make suitable comparisons among multiple taxa.  We observed 
differences between δ13C-LE values and those generated using the Post et al. (2007) 
equation proposed for aquatic organisms in four out of six species (C. quinquedens, E. 
springeri, H. ensifer, and M. mcmillanae).  We also observed difference between δ13C-LE 
values and those generated by an equation for normalizing deep-sea fish values in three 
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species (B. giganteus, H. ensifer, and M. mcmillanae).  Lipid content can be highly 
variable among taxa (Hoffman & Sutton, 2010; Post et al., 2007).  While previous work 
supports the idea that C:N values of protein and Δδ13C may be similar across aquatic 
organisms (Fry et al., 2003; Kiljunen et al., 2006; Schlechtriem et al., 2003; Sweeting et 
al., 2006), the broad level of taxa included in the present study warrants separate 
treatments, particularly for those species with high lipid content (C:N > 8).  Our results 
suggest taxa-specific mathematical normalizations are required to correct δ13C values of 
deep-sea organisms rather than employing previously published equations. 
 
Intraspecific patterns 
 We found significant spatial variation in carbon and nitrogen stable isotope 
values among the most common scavenger species sampled in the present study.  
Individuals of B. giganteus, C. quinquedens, E. springeri and M. mcmillanae captured in 
the NGS-MR sampling region all had higher δ15N values than those in the NGS-DC, 
likely because of baseline differences driven by riverine inputs.  The Mississippi River 
delivers large amounts of organic material to the northern GoM, stimulating high levels 
of biological production (Dagg & Breed, 2003).  The additional inputs to the system may 
increase nutrient cycling in the region, with subsequent increases in region-wide δ15N 
values.  We also observed differences in δ13C and δ15N values between NGS-DC and 
WFS in C. quinquedens, which may be the result of trophic variation or baseline 
differences between sampling regions.  Bathynomus giganteus individuals from the NGS-
MR sampling region had slightly higher δ13C values (~0.5‰) than those observed in the 
NGS-DC or WFS.  Higher δ13C values are unlikely to be the result of riverine inputs, 
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which typically have lower δ13C values (-23.8‰ to -26.8‰; Wang et al., 2004) than 
offshore GoM waters (-23.0‰ to -22.4‰; Wells & Rooker, 2009), but could be the result 
of Sargassum sp. (-16.6‰ to -16.2‰; Wells & Rooker, 2009) or outwelled coastal 
seagrass (-13.4‰ to -11‰; Moncreiff & Sullivan, 2001).  We found very little evidence 
for isotopic variation associated with vertical distribution, inferred from capture depth.  
Only three species (B. giganteus, H. ensifer and E. springeri) of six displayed significant 
relationships between depth and δ13C or δ15N values and all of these relationships were 
weak (R2<0.2). 
We observed temporal differences in stable isotope values in three species of 
deep-sea scavengers.  A decline in δ15N values over time (2005, 2011-2012) was only 
seen in B. giganteus found in the WFS sampling region, which may be representative of 
some changes in trophic position rather than baseline changes within the region as these 
differences were observed in no other species.  Trophic position for all other sampled 
species in the NGS-MR, NGS-DC and WFS sampling regions appears to be fairly 
constant, as inferred through nitrogen stable isotope analyses.  These results are similar to 
those observed in deep-sea sharks collected during the same sampling bouts (Churchill et 
al., 2015b).  All but one species of shark (Squalus cf. mitsukurii) had similar δ15N values 
between 2011 and 2012 (Churchill et al., 2015b).  We recorded seasonal changes in δ13C 
in B. giganteus in the WFS and C. quinquedens and E. springeri in the NGS-DC.  Shifts 
in carbon values could be attributed to the seasonality associated with carbon inputs to 
the deep sea in the GoM (Rowe, 2013); however, the differences were usually small 
(<0.5‰) and may not be biologically relevant. Bathynomus giganteus collected in the 
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WFS exhibited a decrease in δ13C values over time, supporting the idea that this regional 
population may have experienced changes in trophic interactions over time. 
There were no strong relationships between body size and either δ13C or δ15N 
values for any of the species collected in this study. Indeed, body size explained less than 
25% of the variance in δ13C and δ15N values.  The lack of strong relationships may be 
attributed to both feeding habits and age class at capture.  Most of the collected species 
did not have a large range in size at capture, indicating that most or all of the individuals 
were part of the same age class.  Any ontogenetic shift in diet observable through stable 
isotope analysis likely occurred in sizes smaller than were sampled in this study.  In 
addition, most of these species are facultative scavengers (Barradas-Ortiz et al., 2003; 
Domingos et al., 2008; Martini, 1998) and are likely eating whatever food is available to 
them, creating variation determined by a suite of other factors beyond size, especially 
food availability. 
 
Ecological Dynamics 
Stable isotope analysis of this deep-sea community in the GoM revealed a 
relatively small range of δ13C values (NGS-DC: 3.83‰; NGS-MR: 1.75‰; and WFS: 
3.32‰) that likely represent a limited pool of basal resources.  Possible carbon sources 
include plankton and detritus (-23.0‰ to -22.4‰; Wells & Rooker, 2009), Sargassum sp. 
(-16.6‰ to -16.2‰; Wells & Rooker, 2009), out-welled coastal seagrass (-13.4‰ to -
11‰; Moncreiff & Sullivan, 2001), terrestrial sources via riverine inputs (-23.8‰ to -
26.8‰; Wang et al., 2004), organic components in the sediment (-21.5‰ to -20‰; 
Gearing et al., 1977), whale falls (-32‰ to -20‰; Smith & Baco, 2003), and deep-sea 
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chemosynthetic communities (-65‰ to -25‰; MacAvoy et al., 2008).  Given the very 
negative δ13C values present in chemosynthetic systems, it seems likely that the deep-sea 
scavengers from the areas of the Gulf we sampled are reliant on allochthonous inputs 
from surface waters.  The importance of photosynthetically derived inputs is supported 
by previous work that found both B. giganteus and Eptatretus species reliant on primarily 
photosynthetically derived nutrients using both δ13C and δ34S (MacAvoy et al., 2002).  
The δ13C values observed in the scavengers (-18.8‰ to -14.5‰) compared to planktonic 
and detrital sources may reveal higher levels of nutrient recycling between surface 
production and benthic communities or large inputs of Sargassum.   
There were larger ranges of δ15N values across deep-sea scavenger species in the 
NGS-DC (6.57‰), NGS-MR (4.46‰) and WFS (6.91‰) sampling regions.  On the basis 
of an average trophic enrichment factor of 2.75‰ (Caut et al., 2009), this group spans 1-2 
trophic levels.   However, using a crustacean-specific factor of 2.0‰ (Vanderklift & 
Ponsard, 2003) suggests that the span of trophic levels may be 2-3 levels.  To our 
knowledge, no data are currently available on the trophic discrimination factors of 
hagfish.  In the NGS region, two species of hagfish (E. minor and M. mcmillanae) had the 
most enriched δ15N values (14.3‰ and 14.5‰, respectively).  These values were higher 
than many of the elasmobranch species sampled in the same region, including two 
dogfish sharks in the genus Squalus (13.0‰ and 13.1‰); the gulper shark, Centrophorus 
granulosus (13.5‰); and the broadnose sixgill shark, Hexanchus griseus (14‰; 
Churchill et al., 2015b). Nitrogen isotopic values among deep-sea sharks and benthic 
scavengers suggest that these organisms are possibly consuming, either through predation 
or scavenging, similar food items, despite large differences in body size.  Hagfish have 
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been documented capturing small teleosts (Zintzen et al., 2011), but we were unable to 
locate any additional information regarding the diets of these species.  On the basis of 
δ15N values and assuming a trophic enrichment factor of ca. 3.0‰, hagfish may also be 
utilizing carrion falls of larger animals including whales (11.2‰ to 13.5‰; Ruiz-Cooley 
et al., 2012), dolphins (12.5‰ to 14.0‰; Barros et al., 2010), or pelagic teleosts such as 
tuna or swordfish (12.1‰, unpublished data). 
In the WFS region, B. giganteus had the highest δ15N values (13.5‰).  It was 
certainly the most numerically dominant scavenger in this region, accounting for ca. 80% 
of all invertebrates captured in traps, but it may also occupy the highest trophic position, 
on the basis of nitrogen isotopic values.  Previous work on giant isopods in the southern 
GoM indicates that the most frequent diet components are fish, crustaceans, and 
cephalopods (Barradas-Ortiz et al., 2003).  In both the NGS and WFS sampling regions, 
the shrimp, Acanthephyra sp. and H. ensifer, had the lowest δ15N values, which suggests 
that these organisms are feeding at a somewhat lower trophic position than other benthic 
scavengers.  While no dietary data exist for these specific species, Acanthephyra species 
often feed on macroplankton, such as euphausids, cnidarians, and chaetognaths (Cartes et 
al., 2007), as well as small mesopelagic fish and bathypelagic crustaceans (Cartes, 1993).  
Congeners of H. ensifer, have been found to consume euphausids, foramniferans, 
sponges, detritus, other small benthic invertebrates and mesopelagic fishes (Rainer, 1992; 
Rajasree & Kurup, 2011).  If the diets of the shrimp species collected in the deep waters 
of the GoM are similar, it may explain the small δ15N values we observed. 
Given the limited number of possible nutrient sources, it is not surprising that we 
detected some degree of interspecific overlap in isotopic values.  Several species 
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occupied little unique isotopic niche space, despite some differences in mean isotopic 
values.  Because of their similar body sizes it was surprising that, in the NGS-DC region, 
B. giganteus displayed no overlap in ellipse area (i.e., core isotopic niche width) with 
either hagfish species.  Bathynomus giganteus and E. springeri share similar δ13C values, 
but the giant isopods have higher δ15N values than the hagfish, indicating that they 
typically feed at a higher trophic position but from food webs with similar basal 
resources. Bathynomus giganteus and M. mcmillanae share similar δ15N values in ellipse 
area but display different δ13C values.  This overlap pattern suggests that these two 
species may be consuming items originating from different basal resources. The amount 
of unique area was somewhat higher in the WFS sampling region, which could indicate a 
higher level of resource partitioning by benthic scavengers in this region.  Most notably, 
H. ensifer individuals from the WFS had the lowest δ13C values in this study.  It also 
appears that H. ensifer is also feeding at least one trophic level lower than most of the 
other deep-water scavengers in the GoM.  The lower carbon values present in this species 
are likely the result of less trophic discrimination of carbon isotopes and not a different 
basal resource, assuming typical increase in carbon and nitrogen isotopic values of ca. 
1‰ and 3‰, respectively, per trophic level. 
 
Conclusions 
 Investigations of trophic interactions of organisms in deep-water environments 
have been limited by the difficultly of obtaining samples in a remote system.  Here, using 
stable isotope analysis, we have been able to provide a preliminary characterization of the 
trophic structure of the benthic scavenger community in deep-sea habitats of the GoM.  
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Sampling of additional taxa, along with the application of additional biochemical 
markers, may reveal additional details regarding the sources of energy and nutrients input 
into the deep-water communities in the GoM and how these resources transfer to the 
deep-sea community.  Such studies are of high priority given the increasing exploitation 
of deep-sea resources, the potential for anthropogenic impacts to these communities, and 
the still early stage of our understanding of these communities. 
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Table 1 Summary of all muscle tissue samples collected from deep-sea scavengers in the eastern Gulf of Mexico.  
 
  
April 
2005 April 2011 August 2011 April 2012 Total Mean depth 
± SD (m) Species WFS NGS-MR 
NGS
-DC WFS 
NGS-
MR 
NGS-
DC WFS 
NGS-
MR 
NGS-
DC WFS n 
Acanthephyra sp. 0 0 0 0 0 1 0 0 0 1 2 536±122 
Bathynomus giganteus 17 0 63 44 9 18 3 14 22 33 223 761±201 
Chaceon fenneri 0 0 0 10 0 0 5 0 0 12 27 530±60 
Chaceon quinquedens 0 0 8 9 0 12 0 4 10 5 48 831±390 
Eptatretus minor 0 0 0 0 0 2 0 0 1 1 4 446±133 
Eptatretus springeri 0 0 58 4 11 8 0 4 52 0 137 561±71 
Heterocarpus ensifer 0 0 1 9 0 0 20 0 0 13 43 448±147 
Myxine mcmillanae 0 0 17 0 4 3 0 2 9 0 35 702±179 
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Table 2 Results for regression analysis of Δδ13C by C:N-BULK using linear, Michaelis-Menten, and logistic models along with 
the corresponding AICc values.  Bold values are statistically significant. 
  Linear: ݕ = ܽ + ܾݔ Michaelis-Menten: ݕ = ௔௫ଵା௕௫ Logarithmic: ݕ = ܾ + ܽ ln(ݔ) 
Species a  
(t,p) 
b  
(t,p) 
AICc a  
(t,p) 
b  
(t,p) 
AICc a  
(t,p) 
b  
(t,p) 
AICc 
Bathynomus 
giganteus 
-2.55  
(-6.68, <0.01) 
0.82 
(8.90, <0.01) 
26.6 -6.33 
(-10.34, <0.01) 
3.36  
(50.29, <0.01) 
25.3 4.42 
(9.76, <0.01) 
-5.25 
(-8.48, <0.01) 
23.8 
Heterocarpus 
ensifer 
-4.58 
(-2.62, 0.04) 
1.48 
(2.88, 0.03) 
3.91 -5.48 
(-3.17, 0.02) 
3.12 
(33.72, <0.01) 
3.79 5.03 
(2.90, 0.03) 
-5.71 
(-2.69, 0.04) 
3.85 
Eptatretus 
springeri 
2.10 
(7.84, <0.01) 
0.11 
(2.95, 0.01) 
57.4 -3.75 
(-15.48, <0.01) 
1.57 
(4.98, <0.01) 
52.6 0.85 
(3.43, <0.01) 
1.22 
(2.54, 0.02) 
54.8 
Myxine 
mcmillanae 
-2.79 
(-2.14, 0.04) 
1.13 
(3.39, <0.01) 
25.4 -5.94 
(-4.48, <0.01) 
2.82 
(11.95, <0.01) 
26.0 4.37 
(3.33, <0.01) 
-4.31 
(-2.42, 0.02) 
25.7 
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Table 3 Variation in stable isotope values by sampling time in deep-sea scavengers on 
the northern gulf slope near Desoto Canyon (NGS-DC) and the Mississippi River (NGS-
MR) and along the west Florida slope (WFS).  Bold values indicate statistically 
significant differences. 
 
 
 δ13C δ15N 
Species 
Test 
statistic p-value 
Test 
statistic p-value 
NGS-MR     
   Bathynomus giganteus t=-0.42 0.68 t=0.03 0.97 
NGS-DC     
   Bathynomus giganteus F=2.77 0.07 F=0.16 0.85 
   Chaceon quinquedens F=8.17 <0.01 F=1.59 0.22 
   Eptatretus springeri F=3.29 0.04 F=1.93 0.15 
   Myxine mcmillanae t=1.15 0.26 t=0.03 0.97 
WFS     
   Bathynomus giganteus F=21.13 <0.01 F=13.62 <0.01
   Chaceon fenneri F=0.32 0.73 F=0.06 0.94 
   Chaceon quinquedens W=20.5 0.84 W=32 0.24 
   Heterocarpus ensifer F=0.52 0.60 F=0.61 0.55 
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Table 4 Results for linear regression analysis of δ13C and δ15N by body size (total length, TL; carapace width, CW; and carapace 
length, CL) for six scavenger species.  Significant values are bold. 
 
      δ13C δ15N 
Species Region Cruise Measurement n R2 t p R2 t p 
Bathynomus giganteus NGS Apr 11/Apr 12 TL 99 0.06 2.41 0.02 0.04 -2.10 0.04
Chaceon fenneri WFS All CW  27 <0.01 0.06 0.96 <0.01 -0.43 0.67 
Chaceon quinquedens NGS Aug 11/Apr 12 CW 22 0.24 2.54 0.012 <0.01 -0.01 0.99 
Eptatretus springeri NGS Apr 11/Apr 12 TL 110 0.16 4.57 <0.01 0.10 3.43 <0.01 
Heterocarpus ensifer WFS All CL 42 0.03 1.07 0.29 0.12 2.30 0.03 
Myxine mcmillanae NGS All TL 29 0.01 -0.53 0.60 <0.01 0.12 0.90 
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Table 5 Results for linear regression analysis of δ13C and δ15N by depth for six scavenger 
species.  Significant values are bold. 
 
  δ13C δ15N 
Species n R2 t p R2 t p 
Bathynomus giganteus 206 0.05 3.30 0.01 0.01 1.69 0.09 
Chaceon fenneri 27 0.06 -1.24 0.23 0.02 -0.76 0.46 
Chaceon quinquedens 48 0.08 1.96 0.06 <0.01 0.64 0.53 
Heterocarpus ensifer 42 <0.01 -0.07 0.94 0.13 2.43 0.02 
Myxine mcmillanae 35 0.03 0.96 0.34 0.01 0.67 0.51 
Eptatretus springeri 137 <0.01 -0.19 0.85 0.04 2.42 0.02 
 
  
 69
Table 6 The percent of total area (TA) occupying unique isotopic niche space for each 
scavenger species. 
 
Species n 
% of TA 
unique 
% of ellipse 
unique 
NGS-MR    
   Bathynomus giganteus 23 62.6 68.3 
   Chaceon quinquedens 4 62.0 93.4 
   Eptatretus springeri 15 33.1 68.9 
   Myxine mcmillanae 6 2.5 47.5 
NGS-DC    
   Bathynomus giganteus 103 58.2 85.0 
   Chaceon quinquedens 30 5.5 42.5 
   Eptatretus minor 3 0 56.1 
   Eptatretus springeri 118 34.8 20.1 
   Myxine mcmillanae 29 51.1 100 
WFS    
   Bathynomus giganteus 97 90.4 100 
   Chaceon fenneri 27 27.0 0 
   Chaceon quinquedens 14 37.6 44.0 
   Eptatretus springeri 4 0.9 42.3 
   Heterocarpus ensifer 42 100 100 
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Figure 1 Deep-sea scavengers were sampled at multiple sample stations located along the 
northern slope along the DeSoto Canyon (NGS-DC, circles) and south of the Mississippi 
River (NGS-MR, squares) and on the west Florida slope (WFS, triangles) of the Gulf of 
Mexico.  Filled shapes indicate stations where scavengers were collected.  The location 
of the Deepwater Horizon oil spill (DwH) is shown by a star. 
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Figure 2 Spatial and depth distributions of deep-sea scavengers collected along the 
northern and west Florida slopes of the Gulf of Mexico. 
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Figure 3 Size distributions of deep-sea benthic scavengers in the Gulf of Mexico. 
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Figure 4 The C:N ratios (at%) of bulk and lipid extracted deep-water scavenger muscle 
tissue. 
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Figure 5 Spatiotemporal variation in δ13C and δ15N values for three deep-sea scavengers on the northern gulf slope and along the 
west Florida slope. Groupings with different letters in the inset table are significantly different based on post-hoc Tukey’s tests; “-” 
denotes groups that were not included in pairwise comparisons.
Bathynomus giganteus  Chaceon quinquedens  Eptatretus springeri 
Figure Code n δ13C δ15N  Figure Code n δ13C δ15N  Figure Code n δ13C δ15N 
Aug11NGS-MR 14 AB A 
 Apr12NGS-MR 4 - -  Aug11NGS-
MR 
13 A A 
Apr12NGS-MR 9 AB AB  Apr11NGS-DC 8 AB AB  Apr12NGS-MR 4 - - 
Apr11NGS-DC 63       CD ABC  Aug11NGS-DC 12 A A  Apr11NGS-DC 63 AB    B 
Aug11NGS-DC 18    BC    BC  Apr12NGS-DC 10    BC A  Aug11NGS-DC 8 AB    B 
Apr12NGS-DC 22    BCD    BC  Apr11WFS 9       C AB  Apr12NGS-DC 52    B    B 
Apr05WFS 15 A    BC  Apr12WFS 5    BC    B  Apr11WFS 4 - - 
Apr11WFS 44    B       C           
Aug11WFS 3 - -           
Apr12WFS 33         D         D           
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Figure 6 Variation in stable isotope values with body size in B. giganteus (δ13C and 
δ15N), C. quinquedens (δ13C), E. springeri (δ13C and δ15N), and H. ensifer (δ15N).  
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Figure 7 Relationship between the mean body size and δ15N for scavengers. Only 
significant relationships are shown. See Fig. 8 for species codes.   
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Figure 8 Temporal and spatial variation in stable isotopic values of deep-sea scavengers 
of the northeastern Gulf of Mexico (NGS-MR and NGS-DC) and along the West Florida 
Slope (WFS).  Error bars are ± SD. Species with different letters in inset tables are 
significantly different based on post-hoc Tukey’s tests; “-” denotes species that were not 
included in pairwise comparisons. 
 
 
Scientific Name (Figure Code) n δ13C δ15N 
Bathynomus giganteus (Bg)  23 A    A 
Chaceon quinquedens (Cq) 4 - - 
Eptatretus springeri (Es) 15 A       B 
Myxine mcmillanae (Mm) 6 A    A 
    
    
    
    
    
    
    
    
    
    
    
    
    
    
Scientific Name (Figure Code) n δ13C δ15N 
Acanthephyra sp. (Ac) 1 - - 
Bathynomus giganteus (Bg)  103    B   B 
Chaceon quinquedens (Cq) 30    B         D 
Eptatretus minor (Em) 3 - - 
Eptatretus springeri (Es) 118    B   C 
Heterocarpus ensifer (He) 1 - - 
Myxine mcmillanae (Mm) 29 A A 
    
    
    
    
    
    
    
    
    
    
    
Scientific Name (Figure Code) n δ13C δ15N 
Acanthephyra sp. (Ac) 1 - - 
Bathynomus giganteus (Bg) 97 A A B 
Chaceon fenneri (Cf) 27 A B     B 
Chaceon quinquedens (Cq) 14     B     B 
Eptatretus minor (Em) 1 - - 
Eptatretus springeri (Es) 4 - - 
Heterocarpus ensifer (He) 42      C       C 
 78
Figure 9 Total area convex hulls of scavengers from the NGS-DC, NGS-MR, and WFS 
sampling regions. See Fig. 8 for species codes. 
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CHAPTER IV 
TROPHIC INTERACTIONS OF DEEP-SEA TELEOSTS ALONG THE NORTHERN 
AND WESTERN SLOPES OF THE GULF OF MEXICO 
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Abstract 
The deep waters (>200 m) of the Gulf of Mexico (GoM) include a diverse demersal fish 
community; however, the status and ecological roles of many of these demersal fish 
species remains largely unknown.  Here, I use stable isotope analysis (C and N) to 
investigate the trophic interactions of deep-water demersal teleosts in the northern and 
eastern GoM.  Four hundred fifty-three muscle samples were collected from teleosts 
captured on benthic and mid-water longlines at depths from ca. 200 to 2000 m along the 
northern slope (NGS) and the west Florida slope (WFS) of the Gulf of Mexico during 
2011 and 2012.  There was significant intraspecific spatial and temporal variation in 
stable isotope values within several species, as well as evidence for ontogenetic shifts in 
trophic interactions of all five of the most commonly captured teleosts.  The stable 
isotope analysis of deep-sea communities revealed relatively small ranges of δ13C values 
(NGS: 2.62‰ and WFS: 2.21‰) that likely stem from a limited number of pathways 
carbon enters deep sea food webs in these locations.  There was a larger range of δ15N 
values in the NGS (6.2‰) than in the WFS (3.2‰) sampling region, suggesting that the 
NGS teleost community that was sampled spans at least two trophic levels, whereas the 
WFS community only spans approximately one level despite sampling similar species 
and body sizes in the two areas.  We observed a high degree of isotopic niche overlap 
among species that is consistent with stomach contents analysis and is predicted for 
oligotrophic ecosystems. The present study provides an important characterization of the 
trophic interactions of deep-sea teleosts in the Gulf of Mexico and establishes system 
baselines for future investigations.  
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Introduction 
Deep-sea fishes have biological traits that make them especially vulnerable to over 
fishing or disturbances in the environment including K-type life history traits, low 
fecundity and aggregation in restricted topographic areas (Haedrich, 1997; Koslow et al., 
2000).   The susceptibility to anthropogenic impacts is cause for concern and represents a 
management challenge because commercial exploitation of benthic resources has been 
shifting from the relatively shallow waters on the continental shelf into the waters over 
the continental slope (Morato et al., 2006).  Therefore, investigations of the biology and 
ecology – including trophic interactions- of deep-sea teleosts is important for fisheries 
management and deep-sea conservation. 
The deep waters (>200 m) of the Gulf of Mexico (GoM) include a diverse 
demersal fish community (Powell et al., 2003).  Deep-sea species, including the Great 
Northern Tilefish (Lopholatilus chamaeleonticeps) and deep-water groupers, such as the 
Yellowedge (Hyporthodus flavolimbatus) and Warsaw (Hyporthodus nigritus) have been 
exploited as part of directed commercial and/or recreational fisheries (Cass-Calay & 
Bahnick, 2002; Steimle, 1999).  In addition, the King Snake Eel, Ophichthus rex (Clark, 
2000), Gulf Hake, Urophycis cirrata (Perez et al., 2003), and Southern Hake, Urophycis 
floridana (Brown, 2007) have been reported as by-catch from other fisheries.  Fisheries, 
however, are not the only threat to deep-sea fishes.  For example, the northern GoM is 
rich is fossil fuels and wells have been drilled at least as deep as 2,450 m (Royal Dutch 
Shell, 2010) with the potential effects of such activities made apparent with the Deep-
water Horizon oil spill in April, 2010.  Even where no point source pollution exists, deep-
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sea fish appear to be at risk for exposure to anthropogenic contaminants and the 
associated pathologies (Feist et al., 2015).  
By examining the trophic interactions of the demersal fish community of the 
deep-waters of the GoM, we can better understand biological factors that could influence 
resource availability for deep-sea organisms. Traditional approaches to studying diets, 
including stomach contents analysis, are logistically difficult, owing to low sample sizes, 
damaged fauna, and gut eversion.  An alternative approach that may have great value in 
deep-water systems is stable isotope analysis, which is commonly employed in studies of 
trophic interactions.  The stable isotope method is able to provide information integrated 
over longer time frames on the basis of assimilated, rather than ingested, material 
(Peterson & Fry, 1987; Vander Zanden & Rasmussen, 2001). Carbon isotopes generally 
provide information on the sources of primary production supporting the diets of 
consumers because δ13C (a standardized ratio of 13C:12C) values generally only increases 
ca. 1‰ per trophic level (DeNiro & Epstein, 1978; Wada et al., 1991).  For example, 
δ13C has been used to distinguish between terrestrial vs. marine resources (Hobson, 
1987), foraging in pelagic vs. benthic food webs (France, 1995), and between 
photosynthetic- and chomesynthetic-based communities in the deep-sea (MacAvoy et al., 
2002).  Nitrogen isotopes can be used to determine the relative trophic position of an 
organism because 15N is enriched through each trophic transfer, generally with an 
increase of 2.5‰ to 3.4‰ in δ15N values from food to consumer (Caut et al., 2009; Post, 
2002). 
 The goal of the present study was to describe the trophic interactions of deep-
water demersal teleosts in the northern and eastern GoM using stable isotope analysis (C 
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and N).  In particular, we examined spatiotemporal variation in isotopic values among 
common species as well as intraspecific differences along size and depth gradients.   
 
Materials and Methods 
Study Site 
 Sampling took place along the continental slope off the south-central Gulf coast 
of Florida to Louisiana (Figure 1).  The southern sampling sites were located on the West 
Florida Slope (WFS), approximately 270 km southeast of Tampa, Florida.  Stations were 
concentrated on the continental slope in depths of approximately 250 to 2000 m and 
teleosts were collected from the full range of sampled depths.  The northern sites were 
spread across the northern slope of the Gulf (NGS) from an area approximately 25 km 
offshore of the Mississippi River delta through DeSoto Canyon and east onto the north 
Florida slope to an area 85 km southwest of Cape San Blas, Florida (Figure 1).  These 
locations included sites on the continental slope to the east and west of DeSoto Canyon, 
along the canyon’s eastern rim, and on the canyon floor.  Depth ranges for these stations 
were approximately 200 to 2000 m.  Sampling stations at the northern and southern sites 
were chosen to match depth and topography along a broad shelf and onto the slope.  The 
location of the Deep-water Horizon oil spill occurred near the center of our NGS 
sampling region, at the mouth of Desoto Canyon, approximately one year prior to our 
first sampling effort in April 2011. 
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Sampling Methods 
Demersal teleosts were collected as part of a large fishery-independent survey.  
The majority of samples were collected during research cruises aboard the R/V 
Weatherbird II in April 2011, August 2011, and April 2012.  Each cruise in 2011-2012 
included sampling in both the NGS (39 stations and 85 total sets) and the WFS (14 
stations and 68 total sets).  Sampling involved deploying two or three successive sets of 
demersal longlines with three integrated traps: a small box trap (60 cm x 60 cm x 38 cm 
with 2.5 cm mesh), a cylindrical (60 cm x 35 cm with 1.0 cm mesh) trap and a small 
shrimp trap (40 cm x 20 cm x 15 cm with 1.0 cm mesh).  All traps are baited with 
menhaden (Brevoortia sp.) or northern mackerel (Scomber scombrus).  Each set was 
deployed in 20 to 30 minutes and was retrieved following a soak of 4-8 hr. Once the 
animals were on board, each individual was identified to species, weighed and measured.  
We collected muscle from the dorsal region using clean biopsy punches and froze for 
later processing.  For additional sampling protocols, please see Churchill et al. (2015).  
Two additional species (Escolar, Lepidocybium flavobrunneum and Oilfish, Ruvettus 
pretiosus) were collected using pelagic longlines during a research cruise in October 
2011. While these specific individuals were not collected in deep-water, both species are 
commonly found in this environment (Nakamura & Parin, 1993).  
 
Stable Isotope Analysis 
 Tissues used for stable isotope analyses were prepared using standard procedures.  
All muscle tissue was thawed and then rinsed briefly in deionized water to remove any 
surface debris.  All tissue was then dried a minimum of 48 hours in a 60°C oven and 
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ground to a fine powder.  Homogenized samples were weighed out to the nearest 
microgram and packed into tin capsules.  Samples were then analyzed on a 
ThermoFinnigan Delta C mass spectrometer at the Florida International University Stable 
Isotope Laboratory to determine δ13C and δ15N values.  The error of the isotope-ratio 
mass spectrometer determined by repeat analyses of an internal glycine standard was less 
than 0.1‰ (n=80) during the current study.  Approximately one-sixth of the samples 
were run in duplicate.  The mean absolute difference between duplicates was 0.1±0.1‰ 
for δ13C and δ15N.  All reported C:N ratios used atomic mass.  
Lipids tend to be depleted in 13C (DeNiro & Epstein, 1977; Tieszen et al., 1983) 
relative to protein and extractions are recommended for samples where the C:N ratio > 
3.5 (Post et al., 2007).  Therefore, all whole muscle (BULK) samples that met this 
criterion underwent lipid extraction (LE; Goldface Tilefish, Caulolatilus chrysops: n=1; 
Escolar: n=5; Great Northern Tilefish: n=3; King Snake Eel: n=2; Oilfish: n=7; 
Shortdorsal Cutthroat Eel, Synaphobranchus brevidorsalis: n=1; Cutthroat Eel, S. 
oregoni; n=20; Gulf Hake: n=1; and Southern Hake: n=2; see Figure 2). Homogenized 
tissue samples were immersed in a mixture of chloroform and methanol (2:1) with a 
solvent volume three to five times greater than that of the powder.  Samples were then 
vortexed for 30 seconds, left undisturbed for at least 30 minutes and centrifuged for 10 
min at 1318 g.  The extraction process was repeated at least three times or until the 
supernatant was clear (Bligh & Dyer, 1959; Logan et al., 2008).  Samples were then re-
dried, weighed and analyzed for carbon isotopic composition.  We report and use δ13C-
LE values for all individuals with C:N-BULK>3.5 and δ13C-BULK for all others. 
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 We used analysis of variance and Student’s t-tests to examine intraspecific spatial 
and temporal variation in stable isotope values in species with n ≥ 20.  Where necessary, 
because of small or unbalanced sample sizes, we used a Wilcoxon signed rank test 
instead of a Student’s t-test.  Because of small sample sizes and variation in the 
abundance of common species, we were only able to complete a full factorial analysis for 
the Southern Hake.  We were able to investigate variation between sampling regions for 
Gulf Hake and Southern Hake.  We were able to examine temporal differences of stable 
isotope values within specific sampling regions for Great Northern Tilefish; King Snake 
Eel; a Cutthroat Eel, Synaphobranchus oregoni; Gulf Hake and Southern Hake.  For the 
King Snake Eels, we were only able to compare individuals from August 2011 and April 
2012 and for Cutthroat Eel, S. oregoni we could only compare individuals collected in 
April 2011 and 2012. 
 Linear regression was used to investigate the effects of size on δ13C and δ15N 
values within species where sample size was ≥ 20.   We used total length (TL) for snake 
and Cutthroat Eels and standard length (SL) for all other species.  In addition, linear 
regression was used to investigate the relationship between mean body size and mean 
δ15N values across all deep-sea teleost species collected as part of this study.  Analyses 
were done separately for each sampling region.  We also used linear regression to assess 
the effects of capture depth on δ13C and δ15N values within each species where the 
sample size with accurate depth data was ≥ 20. For species with significant 
spatiotemporal variation in stable isotope values, we limited our analyses to specific 
sampling regions and/or times to reduce the effect of possible confounding variables. 
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For interspecific comparisons, we used one-way analysis of variance with a Tukey's poc-
hoc test for paired contrasts. Because a full factorial analysis was not possible, we pooled 
individuals of the same species from different times (April 2011, August 2011, October 
2011, and April 2012). Species with less than five captured individuals were not included 
in analyses. The analysis was performed separately for the NGS and WFS sampling 
regions.  
 We used metrics presented in Layman et al. (2007) to compare community-level 
trophic interactions in each sampling region (NGS and WFS) among species where n≥5.  
Total area (TA) is an indication of the isotopic niche width of a population or community 
in isotopic bi-plot space.  The δ13C range is an estimate of the diversity of basal resources 
and the δ15N range provides an estimate of trophic length of the community.  The TA 
metric is sensitive to differences in sample size.  To account for sample size differences, 
we also present the stable isotope Bayesian ellipses for each species (Jackson et al., 
2011), which provide an estimate of the core isotopic niche space. We also calculated the 
percent of TA and Bayesian ellipse that were unique to each species in each region.  All 
stable isotope metrics were calculated using the SIAR package (Parnell & Jackson, 
2013). 
 Unless otherwise noted, all data were normally distributed and equal in variance. 
The critical level of significance was α=0.05 for all analyses/statistical tests.  All analyses 
were completed in R, version 3.0.2 (R Core Team, 2013).  
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Results 
A total of 571 individuals from 27 teleost species (5 species where n>20) were captured 
at depths ranging from ca. 200 to 2000 meters (Figure 3).   The size distributions of the 
five most common species are shown in Figure 4.  From these individuals, we collected 
and processed 453 muscle tissue samples (Table 1).  
 
Intraspecific patterns 
There was significant intraspecific spatial and temporal variation in stable isotope 
values within several teleost species.  Gulf Hake differed between the NGS and WFS 
sampling regions in δ15N values (W=755, p<0.001) but not in δ13C values (W=565.5, 
p=0.121) while for Southern Hake both δ13C (W=3501, p<0.001) and δ15N values 
(W=4361.5, p<0.001) varied between regions.  We also detected significant temporal 
variation among three (Great Northern Tilefish, Gulf Hake and Southern Hake) out of 
five species of teleosts (Table 2).  We were able to complete full factorial analyses in 
Southern Hake comparing multiple sampling times across both regions (Figure 5).  The 
δ13C values were greater in the NGS (F1=33.1, p<0.001) but did not vary temporally in 
either region (season: F2=0.79, p=0.457; season x region: F20.13, p=0.875).   Values of 
δ15N were significantly higher in the NGS region (F1=190.5, p<0.001) and were lower 
during the April 2011 cruise than subsequent sampling times (F2=16.4, p<0.001).  
Although δ15N values did not vary with the interaction of region and season (F2=2.6, 
p=0.08), there is a possibility of Type II error because some sampling times or locations 
are represented by small sample sizes.   
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The relationship between body size and isotopic values was examined in five 
teleost species (Table 4). Great northern tilefish and Southern Hake both had significant, 
positive relationships between size and both δ13C and δ15N values.  King snake eels and 
Gulf Hake displayed a positive relationship between size and δ13C values, but there was 
no relationship between size and δ15N values.  The Cutthroat Eel, S. oregoni, had a 
positive relationship between size and δ15N values, but this was not evident for δ13C 
values (Figure 6).  
The relationship between capture depth and isotopic values was assessed within 
six species (Table 5).  Great northern tilefish and Gulf Hake displayed a positive, but 
weak (R2 ≤ 0.1), relationship between depth and δ13C values, but no relationship with 
δ15N values.  All other species showed no relationship between depth and either δ13C or 
δ15N values. 
 
Community comparisons 
 Across all teleosts sampled, the NGS sampling region had higher δ13C values 
(mean ± SD difference=0.3 ± 0.7‰; t=4.54, p<0.001) and δ15N values (mean ± SD 
difference = 1.6 ± 1.1‰; t=18.67, p<0.001) than the WFS region.  Both regions had 
similar δ13C ranges (NGS: 2.6‰, WFS: 2.2‰) but the NGS had almost twice the δ15N 
range of the WFS (NGS: 6.2‰, WFS: 3.2‰).  
We observed significant interspecific variation in isotopic values in both sampling 
regions.  In the NGS region, there was significant variation among species in both δ13C 
(F4=77.83, p<0.001) and δ15N values (F4=51.66, p<0.001; Figure 7a).  King Snake Eels 
had the highest average δ13C and δ15N values in this region.  Of the species with enough 
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individuals for inclusion in the analyses, the Cutthroat Eel, S. oregoni, had the lowest 
δ13C and δ15N values; however, the single Shortdorsal Cutthroat Eel had the lowest 
overall isotopic value.  In the WFS region, there was also significant variation among 
species in both δ13C values (F4=18.02, p<0.001) and δ15N values (F4=9.21, p<0.001; 
Figure 7b).  In the southern sampling region, the Spotted Hake, Urophycis regia 
displayed the lowest δ13C and δ15N values. The single Mexican Grenadier, 
Coryphaenoides mexicanus, had the highest δ13C and δ15N values.  Among those species 
included in analyses, Oilfish had the highest δ15N value while Escolar had the highest 
δ13C value. At the community level, there was no significant relationship between mean 
species body size and mean δ15N values in either the NGS (t=1.16, p=0.27; 8a) or WFS 
sampling region (t=0.11, p=0.92; Figure 8b). 
 In agreement with the post-hoc analysis of the interspecific variation in δ13C and 
δ15N values, we observed some overlap among the isotopic niche spaces of species within 
the NGS and WFS sampling regions, as defined by TAs and Bayesian ellipses (Table 6; 
Figure 9).  In the NGS, both King Snake Eels and Cutthroat Eels, S. oregoni, had >80% 
unique TA and 100% unique ellipse area.  The other three species (Great Northern 
Tilefish, Gulf Hake and Southern Hake) all displayed high amounts of overlap with each 
other.  These three species had <10% unique TA and <20% unique ellipse area.  In the 
WFS, Escolar and Southern Hake possessed the highest amount of unique isotopic niche 
space with >90% TA and 66% and 44% unique ellipse area, respectively.  Oilfish had 
moderate levels of overlap with Gulf and Southern Hake.  Both Gulf and Spotted Hake 
had the highest amount of overlap in this region with <10% unique TA but somewhat 
larger unique ellipse areas (54.5% and 34.4%, respectively).  
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Discussion 
Intraspecific patterns 
We found significant spatial variation in carbon and nitrogen isotope values within the 
two most common teleost species sampled in this study.  Both Gulf and Southern Hake 
individuals collected in the NGS region had higher δ15N values than those from the WFS.  
Individuals may be feeding at a slightly higher trophic position in the NGS or there may 
be isotopic baseline differences between the two areas.  This general pattern in δ15N 
values was also true for the shortspine spurdog shark, Squalus cf. mitsukurii (Churchill et 
al., 2015); giant isopod, Bathynomus giganteus; and red deep-sea crab, Chaceon 
quinquedens (Churchill et al., in prep), suggesting that there may be a difference in basal 
resources.  One possible explanation for higher δ15N values in the NGS is increased 
terrestrial inputs. The Mississippi River delivers large amounts of organic material to the 
northern GoM, stimulating high levels of biological production (Dagg & Breed, 2003).  
This may increase nutrient cycling in the region, with subsequent increases in region-
wide δ15N values.  In addition, anthropogenic nitrogen sources in the river (e.g., septic 
system and animal waste) have more enriched δ15N values (8‰ to 18‰) than 
atmospheric nitrogen (0‰ to 8‰; BryantMason et al., 2013), which could lead to higher 
δ15N values within basal resources in the NGS.   
Southern hake had slightly higher δ13C values (~0.4‰) in the NGS than those 
observed in the WFS.  The variation in carbon is unlikely to be the result of riverine 
inputs, which typically have lower δ13C values than offshore GoM waters (Wang et al., 
2004).  Among those species where analyses were possible, we found little evidence for 
isotopic variation associated with vertical distribution, inferred from capture depth.  Only 
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two species (Great Northern Tilefish and Gulf Hake) of five displayed significant 
relationships between depth and δ13C values and all of these relationships were weak 
(R2<0.2).  There were no significant relationships between depth and δ15N values in any 
species, suggesting that there may be similar trophic interactions across the depth 
gradient at which each species is found. 
We observed temporal differences in stable isotope values in three species of 
teleosts collected in deep-water.  The δ15N values of Great Northern Tilefish increased 
0.7‰ between April 2011 and April 2012.  Gulf and Southern Hake both experienced 
similar increases (0.3‰ and 0.9‰, respectively).  Squalus mitsukurii, an abundant small 
shark species captured as part of the same sampling effort, also displayed increased δ15N 
values between April 2011 and April 2012 (Churchill et al., 2015).  The consistency in 
δ15N shifts across three of the most common species collected in the NGS sampling 
region may be evidence of shifting baselines in the region, perhaps as a result of the 
Deepwater Horizon oil spill or increased contributions of anthropogenic nitrogen into the 
system.  Continued sampling in the NGS region will allow for more detailed analyses of 
temporal shifts in δ15N values. 
We found evidence for ontogenetic shifts in trophic interactions of all five of the 
most commonly captured teleosts.   Indeed, we detected a positive correlation between 
body size and δ15N values, suggesting an increase in trophic level with increasing length 
within species. For some species, much of the observed variation in δ15N values was 
explained by body size (e.g., ca. 50% in S. oregoni).  In addition, several species 
displayed size-based shifts in δ13C values, suggesting a change in the basal resources 
supporting their diets. The strongest relationships were seen in Great Northern Tilefish, 
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King Snake Eels and Southern Hake, with body size explaining approximately 30-40% of 
the variation in δ13C values, The size of captured Great Northern Tilefish individuals 
ranged from juveniles (<42cm SL) to adults (>42cm SL; Steimle, 1999).  Juvenile 
individuals feed primarily on benthic invertebrates, such as echinoderms, crustaceans and 
mollusks, while adults consume demersal fish species in addition to invertebrate taxa 
(Steimle, 1999).  The consumption of higher trophic level prey (i.e., fishes) would lead to 
the observed increased δ13C and δ15N values at larger sizes.  While no stomach content 
data exist for Gulf Hake or Southern Hake, the congener Urophycis tenuis experiences a 
dietary shift from benthic invertebrates to herring at ~30cm SL (Hanson, 2011) and 
Urophycis chuss and Urophycis regia collected in the northeastern Atlantic also exhibited 
increasing piscivory with increasing size (Garrison & Link, 2000).  The size range of 
both Gulf Hake and Southern Hake spanned the range at which this dietary shift occurs in 
other species, and on the basis of shifts in isotopic values it is highly likely that they 
make a similar switch.    
 
Ecological dynamics 
Stable isotope analysis of this deep-sea community in the GoM revealed a relatively 
small range of δ13C values (NGS: 2.62‰ and WFS: 2.21‰) that likely represent a 
limited pool of basal resources.  Possible carbon sources include plankton and detritus    
(-23.0‰ to -22.4‰; Wells & Rooker, 2009), Sargassum sp. (-16.6‰ to -16.2‰; Wells & 
Rooker, 2009), out-welled coastal seagrass (-13.4‰ to -11‰; Moncreiff & Sullivan, 
2001), terrestrial sources via riverine inputs (-23.8‰ to -26.8‰; Wang et al., 2004), 
organic components in the sediment (-21.5‰ to -20‰; Gearing et al., 1977), whale falls 
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(-32‰ to -20‰; Smith & Baco, 2003), and deep-sea chemosynthetic communities (-65‰ 
to -25‰; MacAvoy et al., 2008).  Given the more negative δ13C values present in 
chemosynthetic systems, relative to photosynthetic, it seems likely that the teleosts from 
the deep-water areas of the GoM we sampled are reliant on allochthonous inputs from 
surface waters and incorporate little energy from chemosynthetic food webs.  Indeed, the 
δ13C values we observed in this study more closely resemble benthic predators reliant on 
photosynthetic carbon sources (-20‰ to -18‰) rather than organisms relying on 
chemoautotrophic carbon (-33‰ to -42‰) in the GoM (MacAvoy et al., 2002).  The δ13C 
values observed in the teleosts (-18.5‰ to -15.6‰) compared to planktonic and detrital 
sources may reveal higher levels of nutrient recycling between surface production and 
benthic communities or large inputs of Sargassum.   
There was a large range of δ15N values across deep-sea teleosts species in the 
NGS (6.2‰) than in the WFS (3.2‰) sampling region.  Using an average trophic 
enrichment factor of 2.75‰ (Caut et al., 2009) would suggest that NGS teleost 
community spans at least two trophic levels, whereas the WFS teleost community only 
spans approximately one level.  On average, the NGS had higher δ15N values than the 
WFS.  Increased nitrogen values may be the result of dietary differences or underlying 
baseline differences between the sampling regions.  Further investigation is necessary to 
determine the underlying drivers of this variation in deep-sea communities.  Among those 
teleost species with large sample sizes (n≥20), the range of mean δ15N values (11.0‰ to 
15.2‰) was similar to those observed in sharks (11.2‰ to 15.1‰; Churchill et al., 2015) 
and slightly higher than those seen in scavengers (9.2‰ to 14.6‰; Churchill et al., in 
prep) sampled during the same surveys, suggesting that all three groups of organisms 
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may reside at similar trophic positions.  On the basis of nitrogen isotopic values, it would 
appear that many of the deep-water teleosts are top-level predators, similar to many of the 
sharks collected in the same region, despite being somewhat smaller-bodied than those 
elasmobranchs.  In general, we found little evidence of larger species feeding at higher 
trophic levels, perhaps as a result of opportunistic scavenging that is likely occurring 
among all examined species.  The lack of relationship between body size and apparent 
trophic position contrasts with patterns found in larger predators in coastal ecosystems 
where trophic levels (using inferences from δ15N values) increase with taxa body sizes 
(Heithaus et al., 2013).  
We observed high levels of isotopic niche overlap in some species and little to no 
overlap in others.  In the NGS, those species with a high degree of overlap (TA and 
ellipse) were Great Northern Tilefish, Gulf Hake and Southern Hake.  The similarity is 
not surprising because these species or their congeners have been found to consume a diet 
consisting of benthic invertebrates (e.g., crustaceans, polychaetes, mollusks) and fish.  
King snake eels and Cutthroat Eels, S. oregoni, displayed little overlap in TA and no 
overlap in ellipse area with any other species in the NGS.  While no specific dietary 
information is available for S. oregoni, Synaphobranchus kaupi, a congener in the 
northeast Atlantic, was found to consume crustaceans, fish and cephalopods (Marques, 
1998).  Members of the Synaphobranchus genus are also considered to be facultative 
scavengers (Cousins et al., 2013; Yeh & Drazen, 2009).  They may also be reliant on 
other scavenger species with better dentition than themselves for access to large food 
items.  Jamieson et al. (2011) found that Centroscymnus coelolepis, the Portuguese 
Dogfish Shark, facilitated scavenging by S. kaupii by removing the exterior surface of 
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larger food items, in this case, bait.  In the absence of the sharks, the Cutthroat Eels often 
waited more than two hours before feeding.  In our study, Synaphobranchus species were 
collected at depths >1000m but small elasmobranch species were generally captured in 
depths of 300-700m (Churchill et al., 2015).  The potential dependence on other 
scavengers may restrict S. oregoni from consuming larger food items, leading to lower 
δ15N values than any of the other teleosts or any of the larger benthic scavengers found in 
the same region (Churchill et al., in prep).  No dietary information is available for King 
Snake Eels.  However, the higher δ15N values may be explained by capture location.  
King Snake Eels were predominately found in the northwestern portion of the NGS 
region, closest to the Mississippi River outflow, which could result in higher nitrogen 
isotopic baseline values in this species.  It is unknown if isotopic baseline or dietary 
differences underlie the enriched carbon values.   
In the WFS, we found relatively high amounts of overlap between the three Hake 
species (Gulf, Southern and Spotted) as well as Oilfish.  While Oilfish does not inhabit 
the same demersal habitats as the hake, they are known to have similar dietary 
preferences including fish, cephalopods, and crustaceans (Vasilakopoulos et al., 2011; 
Viana et al., 2012).  Escolar shared no TA or ellipse area with any other species in the 
WFS.  In the central North Pacific, Escolar has been found to consume cephalopods, 
crustaceans and fish.  However, these results were from a small sample (>5 stomachs) 
and may not reflect the prey items consumed by individuals in the GoM.  On the basis of 
δ15N values, Escolar appears to have a similar trophic position as the hake species along 
the WFS but the δ13C values indicate that there may be feeding from different food webs 
that could relate to habitat differences (e.g., demersal vs. pelagic) or diet. 
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 Our study provides a stable isotopic characterization of the trophic interactions of 
teleost species collected along the continental slope in the GoM.  While such studies do 
exist in other locations, there has been, to our knowledge, no such research done on the 
deep-water, demersal fish communities in the GoM.  Our results provide a baseline to 
compare future changes in trophic interactions and investigate natural variation and 
potential anthropogenic impacts.  The inclusion of additional biomarkers, such as the 
δ15N values of proteinaceous amino acids, may reveal additional details regarding 
regional isotopic baselines or trophic position (see McClelland & Montoya, 2002 for 
addtional details).  Such studies are of high priority, given the increasing potential for 
anthropogenic impacts, such as increased fishing pressure or oil and gas exploration.   
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Table 1 Summary of all muscle tissue samples collected from teleosts in the Gulf of Mexico.  
 
 
 
 
 
Species Common Name 
April 2011 August 2011 October 2011 April 2012 Total Mean depth ± SD (m) 
NGS WFS NGS WFS WFS NGS WFS n  
Caulolatilus chrysops Goldface tilefish 1 2 0 0 0 0 0 3 291±54 
Caulolatilus microps Grey tilefish 0 0 0 0 0 0 4 4 249±5 
Coryphaenoides mediterraneus Mediterranean Grenadier 1 0 1 0 0 0 0 2 1550±655 
Coryphaenoides mexicanus Mexican Grenadier 1 0 0 1 0 1 0 3 1030±586 
Gymnothorax kolpos Blacktail morey 0 0 0 0 0 2 0 2 222±42 
Helicolenus dactylopterus Blackbelly rosefish 0 0 1 0 0 1 0 2 526±42 
Hyporthodus flavolimbatus Yellowedge grouper 0 1 0 0 0 2 2 5 248±10 
Hyporthodus nigritus Warsaw grouper 0 0 0 0 0 0 2 2 267±21 
Lepidocybium flavobrunneum Escolar 0 0 0 0 5 0 0 5 N/A 
Lopholatilus chamaeleonticeps Great northern tilefish 12 0 25 0 0 31 0 69 276±54 
Merluccius albidus Offshore silver hake 0 0 0 1 0 0 0 1 315 
Ophichthus rex King snake eel 0 0 8 0 0 12 0 20 249±6 
Pontinus longispinis Longspine scorpionfish 0 0 1 0 0 0 0 1 325 
Ruvettus pretiosus Oilfish 0 0 0 0 7 0 0 7 N/A 
Synaphobranchus brevidorsalis Shortdorsal Cutthroat Eel 1 0 0 0 0 0 0 1 2014 
Synaphobranchus oregoni No common name 5 0 3 2 0 16 1 27 1242±202 
Urophycis cirrata Gulf Hake 41 3 29 0 0 67 3 143 411±92 
Urophycis floridana Southern hake 32 18 25 10 0 48 16 149 285±46 
Urophycis regia Spotted hake 0 1 0 3 0 0 3 7 318±42 
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Table 2 Variation in stable isotope values by sampling time in teleosts on the northern gulf slope (NGS) and along the west 
Florida slope (WFS).  Bold values indicate statistically significant differences and dashes are where sample sizes were too small 
(n<5). 
 
 
 
 
 
 
 
 
 
 
 
 
 NGS WFS 
 δ13C δ15N δ13C δ15N 
Species 
Test 
statistic p-value 
Test 
statistic p-value 
Test 
statistic p-value 
Test 
statistic p-value 
Lopholatilus chamaeleonticeps F2=0.64 0.53 F2=9.44 <0.001 - - - - 
Ophichthus rex W=34 0.297 W=42.5 0.700 - - - - 
Synaphobranchus oregoni W=48.5 0.510 W=29 0.386 - - - - 
Urophycis cirrata F2=4.43 0.014 F2=3.77 0.025 - - - - 
Urophycis floridana F2=1.09 0.339 F2=15.1 <0.001 F2=0.05 0.951 F2=1.70 0.196 
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Table 3 Results for linear regression analysis of δ13C and δ15N by size for five teleost species.  Significant values are bold. 
 
 
 
 
 
      δ13C  δ15N 
Species Region Cruise Measurement n R2 t p R2 t p 
Lopholatilus chamaeleonticeps NGS Apr 11/Aug 11 SL 37 0.35 4.35 <0.001 0.22 3.15 0.003 
Ophichthus rex NGS Aug 11/Apr 12 TL 19 0.45 3.74 0.002 0.20 2.08 0.053 
Synaphobranchus oregoni NGS All TL 23 0.10 1.52 0.143 0.49 4.45 <0.001 
Urophycis cirrata NGS Apr 12 SL 64 0.18 3.65 <0.001 <0.01 -0.09 0.927 
Urophycis floridana WFS All SL 44 0.28 4.02 <0.001 0.11 2.32 0.025 
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Table 4 Results for linear regression analysis of δ13C and δ15N by depth for five teleost 
species.  Significant values are bold. 
 
  δ13C δ15N 
Species n R2 t p R2 t p 
Lopholatilus chamaeleonticeps 69 0.09 -2.60 0.011 <0.01 -.033 0.742 
Ophichthus rex 20 <0.01 0.14 0.890 0.11 -1.52 0.145 
Synaphobranchus oregoni 27 0.01 0.60 0.555 0.03 0.10 0.329 
Urophycis cirrata 143 0.10 4.04 <0.001 <0.01 1.08 0.280 
Urophycis floridana 149 <0.01 -0.54 0.590 <0.01 0.18 0.854 
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Table 5 The percent of total area (TA) and individuals occupying unique isotopic niche 
space for each teleost species. 
 
Species n 
% of TA 
unique 
% of ellipse 
unique 
NGS    
   Lopholatilus chamaeleonticeps 69 1.5 9.5 
   Ophichthus rex 20 84.4 100 
   Synaphobranchus oregoni 24 80.3 100 
   Urophycis cirrata 137 8.9 11.6 
   Urophycis floridana 105 9.4 17.3 
WFS    
   Lepidocybium flavobrunneum 5 100 100 
   Ruvettus pretiosus 7 38.7 66.3 
   Urophycis cirrata 6 8.5 54.5 
   Urophycis floridana 44 93.4 44.6 
   Urophycis regia 7 0 34.4 
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Figure 1 Teleosts were sampled at multiple sample stations located along the northern 
slope (NGS, circles) and on the west Florida slope (WFS, triangles) of the Gulf of 
Mexico.  Filled shapes indicate stations where teleosts were collected. The star indicates 
the location of the Deepwater Horizon oil spill (DwH). 
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Figure 2 The C:N ratios of bulk and lipid-extracted teleost muscle tissue. 
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Figure 3 Spatial and depth distributions of teleosts collected along the northern and west 
Florida slopes of the Gulf of Mexico.  
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Figure 4 Size distributions of teleosts collected along the northern and west Florida 
slopes of the Gulf of Mexico. 
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Figure 5 Temporal variation in δ13C and δ15N values for Urophycis floridana on the 
northern gulf slope and along the west Florida slope.  Groupings with different letters are 
significantly different determined by post-hoc Tukey’s tests with capital letters for carbon 
and lower case for nitrogen. 
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Figure 6 Variation in stable isotope values (C and N) with body size.  Only significant 
relationships are shown (see Table 3).  
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Figure 7 Temporal and spatial variation in stable isotopic values of teleosts captured 
along the northeastern Gulf of Mexico (NGS) and along the West Florida Slope (WFS).  
Error bars are ± SD. Species with different letters in inset tables are significantly different 
based on post-hoc Tukey’s tests; “-” denotes species that were not included in pairwise 
comparisons. 
  
Scientific Name (Figure Code) n δ13C δ15N 
Caulolatilus chrysops (Cchr) 1 - - 
Coryphaenoides mediterraneus (Cmed) 2 - - 
Coryphaenoides mexicanus (Cmex) 2 - - 
Gymnothorax kolpos (Gkol) 2 - - 
Helicolenus dactylopterus (Hdac) 2 - - 
Hyporthodus flavolimbatus (Hfla) 2 - - 
Lopholatilus chamaeleonticeps (Lcha) 69    BC      C 
Ophichthus rex (Orex) 20 A A 
Pontinus longispinis (Plon) 1 - - 
Synaphobranchus brevidorsalis (Sbre) 1 - - 
Synaphobranchus oregoni (Sore) 24 A        D 
Urophycis cirrata (Ucir) 137    B   B 
Urophycis floridana (Uflo) 105      C C 
    
Scientific Name (Figure Code) n δ13C δ15N 
Caulolatilus chrysops (Cchr) 2 - - 
Coryphaenoides mexicanus (Cmex) 1 - - 
Caulolatilus microps (Cmic) 4 - - 
Hyporthodus flavolimbatus (Hfla) 3 - - 
Hyporthodus nigritus (Hnig) 2 - - 
Lepidocybium flavobrunneum (Lfla) 5 A    B 
Merluccius albidus (Malb) 1 - - 
Ruvettus pretiosus (Rpre) 7   B A 
Synaphobranchus oregoni (Sore) 3 - - 
Urophycis cirrata (Ucir) 6   BC A 
Urophycis floridana (Uflo) 44      C    B 
Urophycis regia (Ureg) 7      C    B 
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Figure 8 Relationship between the mean body size and δ15N for teleosts. Only significant 
relationships are shown. See Fig. 7 for species codes.  
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Figure 9 Total area convex hulls and Bayesian ellipses of scavengers from the NGS and 
WFS sampling regions. See Fig. 7 for species codes.
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CHAPTER V 
TROPHIC INTERACTIONS OF COMMON ELASMOBRANCHS IN DEEP-SEA 
COMMUNITIES OF THE GULF OF MEXICO REVEALED THROUGH STABLE 
ISOTOPE AND STOMACH CONTENT ANALYSIS 
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Abstract 
Deep-water sharks are abundant and widely distributed in the northern and eastern Gulf 
of Mexico.  As mid and upper-level consumers that can range widely, sharks likely are 
important components of deep-sea communities and their trophic interactions may serve 
as system-wide baselines that could be used to monitor the overall health of these 
communities.  We investigated the trophic interactions of deep-sea sharks using a 
combination of stable isotope (δ13C and δ15N) and stomach content analyses.  Two 
hundred thirty-two muscle samples were collected from elasmobranchs captured off the 
bottom at depths between 200 - 1100 m along the northern slope (NGS) and the west 
Florida slope (WFS) of the Gulf of Mexico during 2011 and 2012.  Although we detected 
some spatial, temporal, and interspecific variation in apparent trophic positions based on 
stable isotopes, there was considerable isotopic overlap among species, between 
locations, and through time. Overall δ15N values in the NGS region were higher than in 
the WFS.  The δ15N values also increased between April 2011 and 2012 in the NGS, but 
not the WFS, within Squalus cf. mitsukurii.  We found that stable isotope values of S. cf. 
mitsukurii, the most commonly captured elasmobranch, varied between sample regions, 
through time, and also with sex and size. Stomach content analysis (n=105) suggested 
relatively similar diets at the level of broad taxonomic categories of prey among the taxa 
with sufficient sample sizes. We did not detect a relationship between body size and 
relative trophic levels inferred from δ15N, but patterns within several species suggest 
increasing trophic levels with increasing size.  Both δ13C and δ15N values suggest a 
substantial degree of overlap among most deep-water shark species.  This study provides 
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the first characterization of the trophic interactions of deep-sea sharks in the Gulf of 
Mexico and establishes system baselines for future investigations. 
 
Key Words: 
Stable isotopes, deep-sea, shark, feeding behavior, food web, trophic structure, Gulf of 
Mexico 
  
 121
Introduction 
Human exploitation and use of the deep-sea, including expansion of deep-water 
fisheries (Morato et al., 2006), is increasing on a global scale.  Therefore, it is important 
to understand the structure and dynamics of communities in these habitats including 
upper trophic level predators, like sharks.  Deep-water sharks are widely distributed and 
can be locally abundant in deep-sea habitats around the world, including in the northern 
and eastern Gulf of Mexico (Castro, 2011).  Though no deep-water fisheries currently 
exist in the Gulf of Mexico, because sharks possess a number of biological attributes that 
make them vulnerable to overfishing (White et al., 2012), they could be negatively 
affected should these activities be initiated (Kyne & Simpfendorfer, 2010).  Indeed deep-
water sharks tend to be particularly slow to mature and have relatively low reproductive 
rates and many populations experience intensive harvesting from both directed fisheries 
and as bycatch (reviewed in Nicholas & Robyn, 2010). Unfortunately, the status and 
ecological roles of most of the deep-water sharks in the Gulf and other deep-water 
ecosystems are largely unknown (Kyne & Simpfendorfer, 2010).  Consequently, most of 
the common deep-water sharks in the Gulf of Mexico are listed as data deficient by the 
International Union for the Conservation of Nature (IUCN).   
As mid and upper-level predators (Cortés, 1999) that occupy diverse horizontal and 
vertical habitats and have the capacity for long-distance movements (Kyne & 
Simpfendorfer, 2010), sharks may serve as sentinel species for understanding 
anthropogenic impacts on deep-sea communities.  Specifically, sharks would be expected 
to integrate and respond to changes that occur throughout the food web (e.g.,Rooney et 
al., 2006).  This may be particularly true for sharks at the top of deep-sea food webs, like 
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bluntnose sixgill sharks (Hexanchus griseus) which are one of the dominant predators on 
continental slopes (Ebert, 1994).  Therefore, quantifying trophic interactions of deep-
water sharks may help establish system-wide baselines that could be used to monitor the 
overall health of these communities. 
Diet and trophic ecology has traditionally been studied through stomach content 
analysis (Cortés, 1997; Hyslop, 1980).  This technique allows for fine resolution of diets, 
but has limitations, particularly in the deep sea.  For example, the large sample sizes that 
are often required to fully characterize diets are difficult and expensive to obtain in deep-
water studies due to ship costs, logistical difficulties in sampling, low population 
densities, and the high proportion of individuals recovered with empty stomachs.  In 
addition, deep-dwelling teleosts and elasmobranchs often regurgitate food as they are 
brought to the surface (Bowman, 1986) and prey items from deep-water communities 
often are fragile and difficult to identify (Cailliet et al., 1999; Drazen et al., 2001; 
Robinson et al., 2007).  Finally, stomach contents provide only a snapshot of the diet of 
an individual and may not reflect the proportions of prey groups ingested or assimilated 
because of variability in the digestibility of prey items and the potential for temporal 
variation in diets. 
Stable isotope analysis, particularly of δ13C and δ15N, is becoming increasingly 
important in studies of trophic interactions (Fry, 2006; Layman et al., 2012) because it 
provides time-integrated information on assimilated, rather than ingested, biomass 
(Peterson & Fry, 1987; Vander Zanden & Rasmussen, 2001).  The utility of stable 
isotope analysis derives from the fact that isotopic ratios in consumer tissues reflect those 
of their prey (Bearhop et al., 2004; Vander Zanden & Rasmussen, 2001). δ15N values can 
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be used to estimate relative trophic position because 15N is generally enriched through 
each trophic transfer (reviewed in Caut et al., 2009; Post, 2002). Because carbon ratios 
are generally conserved through trophic transfers (Fry & Sherr, 1989) and vary among 
groups of primary producers or habitats (O'Leary, 1981; Smith & Epstein, 1971), δ13C 
values can be used to elucidate foraging locations and/or sources of primary production 
across many trophic levels.  Since isotopes provide integrated views of diets and changes 
in stable isotope values of consumers reflect changes not only in their direct prey, but 
also in lower level trophic pathways, stable isotope analysis is attractive for assessing 
overall changes in communities. Since shark tissues have slow incorporation rates (Kim 
et al., 2012b), the stable isotope values would be less affected by stochastic variation and 
display changes reflecting long-term shifts in the environment and trophic interactions.  
However, stable isotope analysis cannot identify specific prey items and multiple diet 
combinations can result in similar δ13C and δ15N values of a consumer, and 
discrimination factors can vary within and among taxa (Caut et al., 2009; del Rio et al., 
2009; Hussey et al., 2014; Post, 2002).  Therefore, isotopic data must be interpreted with 
caution and, where possible, benefit from the insights of stomach content analysis. 
The goal of this study was to examine the trophic interactions of shark species in 
the deep-water habitats of the northern and eastern Gulf of Mexico.  Because of their 
different strengths and weaknesses, we used a combination of stable isotope analysis and, 
when samples allowed, stomach content analysis to investigate regional and temporal 
variation in trophic interactions of sharks of a variety of body sizes. 
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Materials and Methods 
Study Site 
Sampling took place along the continental slope from off the south-central Gulf coast of 
Florida to Louisiana (Figure 1).  The southern sampling sites were located on the West 
Florida Slope (WFS), approximately 270 km southeast of Tampa, Florida. The northern 
sites were spread across the northern slope of the Gulf (NGS) from an area approximately 
25 km offshore of the Mississippi River delta through DeSoto Canyon and east onto the 
north Florida slope to an area 85 km southwest of Cape San Blas, Florida (Figure 1).  
These locations included sites on the continental slope to the east and west of DeSoto 
Canyon, along the canyon’s eastern rim, and on the canyon floor.  Stations in both areas 
were concentrated in depths of approximately 250 to 2000 m, however all sharks used in 
this study were captured shallower than 1200 m.  The northern and southern sites were 
chosen to match depth and topography along a broad shelf and onto the slope. 
 
Sampling Methods 
Samples were collected during research cruises aboard the R/V Weatherbird II in April 
2011, August 2011, and April 2012, which all occurred after the Deepwater Horizon Spill 
that began on April 20, 2010 (BP, 2010). Additional samples were obtained from an 
April 2005 cruise to the WFS. Each cruise in 2011-2012 included sampling in both the 
NGS (39 stations and 85 total sets) and the WFS (14 stations and 68 total sets; Figure 1).   
Our fishery-independent surveys involved making two or three successive sets of 
bottom longlines with integrated traps.  A standard longline/trap set consisted of 550 m of 
mainline on the bottom with 50 baited gangions including five hook sizes and three 
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different types of baited traps.  The mainline consisted of 5.6-mm tarred twisted, hard-
laid nylon (Everson Cordage TG-28) and components of each set were attached to the 
mainline in the following order:  1) a 4-kg grapnel anchor was attached to the end of the 
mainline, 2) a small box trap (60 cm x 60 cm x 38 cm with 2.5-cm mesh) was attached 
three meters from the anchor, 3) five 4-m gangions terminated with 18/0 circle hooks 
spaced 10 m apart, 4) five 3-m gangions terminated with14/0 circle hooks spaced 10 m 
apart, 5) ten 50-cm gangions terminated with 11/0 circle hooks spaced 10 m apart, 6) ten 
50-cm gangions terminated with 12/0 circle hooks spaced 10 m apart, 7) a cylindrical (60 
cm x 35 cm with 1.0-cm mesh) trap, 8) twenty 50-cm gangions terminated with 10/0 
circle hooks spaced 10 m apart, 9) small shrimp trap (40 cm x 20 cm x 15 cm with 1.0-
cm mesh), 10) a sash weight (2.0-3.0 kg) if needed, 11) a Lotek LAT1400 
temperature/depth recorder (TDR), 12) mainline scoped at least 1.5 times the depth, 13) a 
Polyform inflatable buoy (size A-2, 30-kg floatation), 14) 10-m slack line, and 15) a 
strobed highflier.  Longlines were baited with little tunny (Euthynnus alletteratus) except 
for three 18/0 gangions on each set that were baited with elasmobranch.  All traps were 
baited with menhaden (Brevoortia sp.) or Atlantic mackerel (Scomber scombrus).  Each 
set was deployed in 20 to 30 minutes and was retrieved following a soak of 4-8 hr.  Soak 
time varied due to depth-mediated differences in sinking time.  Three hours was the 
targeted on-bottom soak time and was confirmed using the TDR data.  Lines were slowly 
retrieved using a Lindgren-Pitman hydraulic winch (model LP-28X36-G3) and animals 
were brought on board by hand or with a 2.4-m aluminum-framed sling webbed with 3.0-
cm trawl mesh for larger individuals. 
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Once the animals were on board, each individual was sexed, weighed and 
measured.  We collected muscle from the dorsal region using sterile biopsy punches and 
removed the entire gastrointestinal track from all sharks that were not tagged and released 
or kept as taxonomic voucher specimens for other studies.  All samples were frozen for 
later processing. 
 
Stable Isotope Analysis 
 All muscle tissue was thawed and then rinsed in deionized water for several 
seconds, dried a minimum of 48 hours in a 60°C oven and ground to a fine powder.  
Elasmobranch stable isotope values may be affected by the presence of lipids and urea in 
the muscle tissue.  Lipids tend to be depleted in 13C (DeNiro & Epstein, 1977; Tieszen et 
al., 1983) and urea in 15N (Fisk et al., 2002) relative to carbohydrates and protein.  A 
chloroform-methanol extraction was used to remove both lipids and urea from muscle 
samples examined in this study (Hussey et al., 2012b).  Dried, powdered samples were 
immersed in a mixture of chloroform and methanol (2:1) with a solvent volume three to 
five times greater than that of the sample.  Samples were then vortexed for 30 seconds, 
left undisturbed for at least 30 minutes and centrifuged for 10 min at 1318 g.  The 
extraction process was repeated at least three times or until the supernatant was clear.  
Samples were then re-dried (Bligh & Dyer, 1959; Logan et al., 2008). 
All stable isotope analyses were performed on a ThermoFinnigan Delta C mass 
spectrometer coupled with a NA 1500 NE elemental analyzer at the Florida International 
University Stable Isotope Laboratory. The error of the isotope-ratio mass spectrometer 
based on repeat analyses of an internal glycine standard was less than 0.1‰ (n=72) 
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during this study. Approximately one sixth of the samples were run in duplicate.  The 
mean absolute difference between duplicates was 0.1 ± 0.1‰ for δ13C and δ15N.  All 
reported C:N ratios are based on atomic mass. 
 We used analysis of variance and student’s t-tests to examine spatial and temporal 
variation in trophic interactions within species.  Because of low sample sizes for most 
species and spatial and temporal variation in the abundance of even common species (see 
Appendix A), we were not able to complete full factorial analyses.  For Centrophorus cf. 
granulosus, we were able to investigate variation across seasons (August 2011 and April 
2012) in NGS.  For Centrophorus cf. niaukang, we tested whether isotopic values 
differed between April 2005 and April 2012. We then were able to contrast temporally 
pooled data from individuals in the WFS to those in the NGS.  Because of large 
differences in sample sizes for this species, we used a non-parametric Wilcoxon rank sum 
test to compare stable isotope values between sampling times and regions. We were able 
to compare Squalus cubensis individuals from April 2011, August 2012 and April 2012 
in the NGS region.  For Squalus cf. mitsukurii we were able to compare across all 
sampling times (2005 & 2011-2012) in the WFS and across all sampling times and both 
regions for the 2011-2012 cruises. 
For among-species comparisons, we used a one-way analysis of variance with a 
Tukey’s poc-hoc test for paired contrasts.  Based on the within-species analyses, groups 
that were significantly different from each other were treated separately.  For species with 
insufficient sample sizes, we pooled individuals of the same species from different times 
(April 2005, April 2011, August 2011, April 2012).  Species with less than five captured 
individuals were not included in analyses.  This analysis was performed separately for the 
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NGS and WFS sampling regions.  We used linear regression to investigate the 
relationship between mean size (pre-caudal length [PCL]) and mean δ15N values across 
all deep-sea shark species collected as part of this study. 
We used metrics from Layman et al. (2007) to compare community-level trophic 
interactions.  Total area is an indication of the isotopic niche width of a population or 
community in isotopic bi-plot space.  The δ13C range is an estimate of the diversity of 
basal resources while the range of δ15N provides an estimate of the trophic length of the 
community. We also calculated the percent of the total area that was unique to each 
species in the NGS and WFS sampling regions. 
 We used linear regression to investigate the effects of size (PCL) on δ13C and 
δ15N values within species across both sampling regions where sample size was ≥5.  For 
S. cf. mitsukurii, we used ANCOVA to examine the effects of size, region (NGS or 
WFS), and sex on δ13C and δ15N values.  For individuals captured in the northern 
sampling region, we used ANCOVA to determine the effects of both size and sex.  This 
analysis was not possible in the southern sampling region because no females were 
observed.  We also used linear regression to assess the effects of capture depth on δ13C 
and δ15N values within each species where the sample size with accurate depth data was 
≥5. 
 Unless otherwise noted, all data were normally distributed and equal in variance.  
The critical level of significance was α=0.05 for all analyses/statistical tests.  All analyses 
were completed in JMP, version 10 (SAS Institute Inc. SAS Institute Inc., 2012). 
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Stomach Contents Analysis 
Each gastrointestinal track was thawed and the stomach was separated from the intestine.  
Stomachs were carefully cut open and the contents, if any, were rinsed in deionized water 
and identified to the lowest possible taxonomic level.  Prey items were counted, blotted 
dry and all items of a given taxon were weighed to the nearest 0.01g.  In order to 
facilitate analyses, items were grouped into seven functional categories (see results).  
Diets were quantified using the following four metrics: frequency of occurrence (%FO, 
proportion of stomachs with prey that contain a given prey category), mean percent 
abundance (%MN, the mean calculated from the proportional abundance of diet taxa in 
individual stomachs), and mean percent weight (%MW, the mean calculated from 
individual stomach prey weight proportions).  We use %MN and %MW, rather than 
pooled indices (e.g. %N, %W) because they are less biased and allow for the calculation 
of confidence intervals (Chipps & Garvey, 2007).  However, to facilitate comparison 
with literature values, the index of relative importance using pooled indices (IRI; Pinkas 
et al., 1971) was calculated for each prey category using IRI=%FO × (%N + %W), where 
%N is the proportion of the total number of prey items within a given prey category and 
%W is the proportion of the total weight of all prey items within a given category pooled 
across all stomachs. To make interspecific comparisons, the IRI was expressed as %IRI 
as suggested by Cortés (1997).  Because of the difficulty in identifying deep-sea prey 
items, our prey categories are at broad taxonomic levels.  We did not directly calculate 
overlap of diets based on stomach contents analysis because the low taxonomic resolution 
could amplify apparent dietary overlap. 
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Results 
Stable Isotope Analysis 
We captured 17 species of sharks at depths ranging from ca. 200 to 1100 meters.  From 
these individuals, a total of 232 muscle tissue samples were collected and processed for 
analysis (Appendix A).  All C:N ratios of chloroform/methanol extracted muscle tissue 
were close to those of protein (i.e., C:N ~ 3; Appendix B). 
 Centrophorus cf. granulosus caught in the NGS sampling region from August 
2011 (n= 19) and April 2012 (n=20) did not differ significantly in δ13C (t=-0.83, p=0.41) 
or δ 15N values (t=2.00, p=0.06). There was no significant difference in C. cf. niaukang 
δ13C (S=110, Z=-0.98, p=0.32) or δ15N values (S=144, Z=0.63, p=0.52) in the WFS 
region between April 2005 (n=9) and April 2012 (n=19) or between sampling regions 
(WFS n=30, NGS n=7; δ13C: S=158, Z=0.95, p=0.34, δ15N: S=171, Z=1.45, p=0.14), but 
sample sizes were low during some sampling periods.  Squalus cubensis, captured only in 
the NGS, did not vary across years in δ13C (t=-2.05, p=0.52) or δ15N values (t=0.87, 
p=0.39) from April 2011 (n=9) to April 2012 (n=16).  Based on data from 2005 and 
2011-2012, S. cf. mitsukurii showed no significant differences in δ13C and δ15N across 
time in the WFS sampling region (F3,45=0.94, p<0.43, F3,45=2.13, p=0.11, respectively; 
Figure 2).  Restricting S. cf. mitsukurii data to those from cruises in 2011 and 2012, both 
δ13C (F5,64=3.08, p=0.01) and δ15N (F5,64= 13.13, p<0.001) were influenced by an 
interaction of region and sampling time.  δ15N increased significantly in the NGS from 
April 2011 to April 2012, but did not in the WFS (Figure 2). 
Overall, samples collected from NGS tended to have δ15N values that were higher 
than those from WFS (t=-8.55, p<0.001), though this is likely driven by different species 
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compositions in the two regions.  The δ13C values between the sampling regions were not 
significantly different (t=-0.49, p=0.62).  In the NGS region, there was significant 
variation among species/groups in both δ13C (F7, 114=20.54, p<0.001; Figure 3) and δ15N 
values (F7, 114=36.89, p<0.001; Figure 3).  Centrophorus cf. granulosus had the highest 
δ15N values.  Hexanchus griseus and Galeocerdo cuvier had moderately higher δ13C 
values compared to other sampled species. Squalus cubensis and Squalus cf. mitsukurii 
had the lowest δ13C values in this region.  The two Squalus species, along with G. cuvier, 
also displayed the lowest δ15N values.   
In the WFS region, there was also significant variation among species/groups in 
both δ13C (F5,86=2.99, p<0.01; Figure 3) and δ15N values (F5,86=8.65, p<0.001; Figure 3).  
In this region, some of the most extreme isotopic values were displayed by species with 
sample sizes that were insufficient for inclusion in analysis.  Centrophorus cf. niaukang 
and H. griseus had the highest δ15N values, and Galeus arae and Mustelus canis the 
lowest.  H. griseus exhibited the highest δ13C values and G. arae the lowest.  
Despite some interspecific variation in mean δ15N and δ13C, there was overlap 
among the isotopic niche spaces of species within both the NGS and WFS (Table 1; 
Figure 4).  In the NGS region, four of the seven species (C. cf. granulosus, G. cuvier, H. 
griseus, and S. cubensis) had isotopic niche spaces where >50% of the area was unique to 
that species (Table 1).  For two species (G. cuvier and S. cubensis), the total unique area 
also included >50% of the sampled individuals.  In the WFS, only one species (C. cf. 
niaukang) had a total area with limited overlap.  At the level of the elasmobranch 
community, the NGS and WFS regions had similar ranges for δ15N (NGS: 4.4‰, WFS: 
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5.1‰) and δ13C values (NGS: 3.2‰, WFS: 3.0‰).  This led to similar total areas in 
isotopic space for both sampling regions (NGS: 8.9‰2, WFS: 9.0‰2). 
At the community level, there was no relationship between mean body size (PCL) 
and mean δ15N (regression, t=0.66, p=0.53; Figure 5).  There was, however, variation in 
δ13C and δ15N based on body size (PCL, see Table 2) within several taxa.  Centrophorus 
cf. granulosus, Etmopterus bigelowi, G. cuvier, H. griseus, and male S. cf. mitsukurii in 
the NGS sampling region showed no relationship between size (PCL) and either δ13C or 
δ15N.  Centrophorus cf. niaukang, M. canis, and male S. cf. mitsukurii in the WFS region 
displayed no significant relationship between PCL and δ13C, but did for δ15N values.  
Centrophorus cf. niaukang showed a positive relationship while M. canis displayed a 
negative relationship (Figure 6).  The relationship between PCL and δ13C and δ15N values 
in S. cf. mitsukurii varied between sampling regions (ANCOVA, F3,82=8.35, p<0.001, 
and F3,82=21.20, p<0.001, respectively; Figure 7).  In the NGS region, there was a 
significant positive relationship between size and both δ13C and δ15N values, but only the 
relationship between size and δ15N values was significant in the WFS.  Both sex and size 
influenced δ13C and δ15N values of S. cf. mitsukurii in the NGS region (ANCOVA, 
F3,32=4.36, p=0.01 and F3,32=6.12, p=0.002, respectively; Figure 8).  For females, there 
was a positive relationship between size and both δ13C and δ15N.  In males, there were no 
significant relationships. We were not able to perform this analysis in the WFS region 
because only larger males were collected in this sampling region. 
We were able to examine the relationship between capture depth and δ13C and 
δ15N values in six species (Table 3).  Centrophorus cf. granulosus displayed a significant 
negative relationship between capture depth and δ15N values, while S. cubensis showed a 
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negative relationship between depth and δ13C values.  When all individuals were included 
in the analysis, S. cf. mitsukurii exhibited significant relationships with depth and both 
δ13C and δ15N values.  With analyses completed separately for each sampling region, no 
significant relationships were observed.  All other species had no significant 
relationships.   
 
Stomach Contents Analysis 
 We recovered stomach contents from 105 individuals (12 C. cf. granulosus, 2 C. 
cf. niaukang, 2 M. canis, 11 S. cubensis, and 78 S. cf. mitsukurii; Appendix C).  We 
found an octopus in one stomach sample collected for C. cf. niaukang.  The two stomachs 
from M. canis contained portunid crabs.  Due to small sample sizes, diet metrics were 
only calculated for C. cf. granulosus, S. cubensis, and S. cf. mitsukurii.  For these species, 
teleosts were the dominant prey group, found in >50% of the samples from each 
(Appendix D).  Of the identified teleosts, myctophids were most common.  Squid also 
made a large contribution to all diet metrics for S. cf. mitsukurii and were also present in 
C. cf. granulosus and S. cubensis to a lesser extent.  Sharks made a large contribution to 
%IRI in C. cf. granulosus, but this was the result of a single, large sample. 
 
Discussion 
Intraspecific Patterns 
Stable isotopic data suggest that Squalus cubensis and female Squalus cf. 
mitsukurii undergo small ontogenetic shifts in stable isotope values.  In the NGS, 
individuals from both species showed a positive relationship between body size and δ13C 
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values.  However, this shift is small (-16.9 to -16.2‰) and the relationships are weak (R2 
<0.5).  S. cubensis, and S. cf. mitsukurii in the NGS also appear to feed at progressively 
higher trophic levels as they grow, as do C. cf. niaukang females in this region.  All three 
species displayed a positive relationship between body size and δ15N.  This pattern, 
however, could also be the result of shifting prey types that differ in their δ15N values.  
Interestingly, M. canis δ15N values decreased as body size increased.  This may indicate 
ontogenetic shifts in prey or foraging locations.  
Isotopic values of three shark species varied across depths in which they were 
captured.  The patterns of this variation, however, were not consistent across taxa and 
were not particularly strong.  Centrophorus cf. granulosus displayed a weak (R2=0.3) 
negative relationship between δ15N values and capture depth.  Squalus cubensis had a 
weak (R2=0.2) negative relationship between δ13C values and depth.  The ecological 
drivers of these patterns are unclear but could be related to shifts in diets or sources of 
productivity with depth.  Patterns in S. cf. mitsukurii are even more difficult to interpret 
because individuals captured in the NGS region were collected at shallower depths than 
those in the WFS and depth effects may be more reflective of differences in isotopic 
baselines or food web structure between regions. 
Of particular interest, we found that the most abundant and widespread species, S. 
cf. mitsukurii exhibited region-specific shifts in δ15N values, which could be due to a 
temporal change in trophic position or shifts in the isotopic baseline within the sampling 
region.  Squalus cf. mitsukurii displayed similar δ15N values in the WFS region in April 
2011 and 2012 April.  In the NGS region, δ15N values increased between April 2011 and 
April 2012.  Although the NGS was subject to disturbance from the Deepwater Horizon 
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Oil Spill that occurred before sampling began, it is not possible to determine the 
mechanism underlying the observed shift.  Further analyses of other, non-elasmobranch 
taxa from the NGS and WFS, employing other biochemical markers (e.g., compound 
specific isotope values; Chikaraishi et al., 2009), and continued long-term sampling may 
provide further insights into whether this shift might represent broad-based shifts in 
trophic structure and interactions in NGS.   
 
Ecological Dynamics 
 We found a substantial degree of overlap in both stomach contents and stable 
isotope results across 13 species of deep-water sharks.  Previously reported data for the 
diets of Squalus cubensis, Squalus cf. mitsukurii, Centrophorus cf. niaukang, 
Centrophorus cf. granulosus, Deania calcea, and Etmopterus bigelowi indicate these 
species consume squid and small fishes, including myctophids (Castro, 2011).  Many 
species occupied little unique isotopic niche space, despite some differences in mean 
isotopic values. This overlap suggests that there may be a limited degree of resource 
partitioning within this predator guild in the deep-sea waters of the Gulf of Mexico.  
Centrophorus cf. granulosus and H. griseus stood out as two exceptions to this overall 
trend; both species displayed a high percentage of unique isotopic space and number of 
individuals within the unique space.  This may be indicative of dietary or metabolic 
variation that differentiates these species from the rest of the deep-water shark 
community in the NGS. 
The stable isotope analysis of the deep-sea elasmobranch community in the Gulf 
of Mexico revealed a relatively small range of δ13C values that likely represents a limited 
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number of resource pathways.  Possible carbon sources include plankton and detritus (-
23.0‰ to -22.4‰; Wells & Rooker, 2009), Sargassum sp. (-16.6‰ to -16.2‰; Wells & 
Rooker, 2009), terrestrial sources through riverine input (-23.8‰ to -26.8‰; Wang et al., 
2004), out-welled coastal seagrass (-13.4‰ to -11‰; Moncreiff & Sullivan, 2001), 
organic components in the sediment (-21.5‰ to -20‰; Gearing et al., 1977), whale falls 
(-32‰ to -20‰; Smith & Baco, 2003), and deep-sea chemosynthetic communities (-65‰ 
to -25‰; MacAvoy et al., 2008).  Given the substantially lower δ13C values of 
chemosynthetic systems, it seems likely that the deep-sea elasmobranchs from the areas 
of the Gulf of Mexico we sampled are reliant on photosynthetic inputs from surface 
waters.  The higher δ13C values observed in the sharks (-17‰ to -15.1‰), relative to 
many possible carbon sources, may be due to additional nutrient recycling between 
surface production and higher trophic level deep-water consumers (assuming small 
positive fractionation; McCutchan et al., 2003) or possibly large inputs of floating algae.  
Given the limited resource pool available in the deep-sea habitats we sampled, it is 
perhaps not surprising that the stable isotope analysis revealed interspecific overlap in 
δ13C values and, therefore, obscures potential resource partitioning.  It is interesting to 
note that even though there is likely some seasonality associated with the carbon inputs to 
the deep-sea in the Gulf of Mexico (Rowe, 2013), we did not detect evidence for this 
among the sharks sampled as part of this study.  While the long stable isotope 
incorporation rates in shark tissues (Kim et al., 2012b; Logan & Lutcavage, 2010) would 
dampen the signal, we would still expect to observe seasonal shifts even if the muscle 
tissue does not reach a steady state (Matich & Heithaus, 2014). 
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There was a relatively limited range in δ15N values across deep-sea sharks in both 
the NGS and WFS sampling regions (4.4‰ and 5.1‰, respectively).  Observed 
differences between the sampling regions may be the result of different resource 
pathways or variation in the isotopic baselines.  Stomach contents analysis suggests that 
the three species of sharks with sufficient sample sizes in these two regions are 
consuming similar prey items.  Therefore, it is likely that differences in isotopic values 
among regions is a result of different δ15N values in basal resources supporting these 
ecosystems or variation in the food webs below the prey of sharks. 
A scaled discrimination factor framework, where higher dietary δ15N values result 
in lower trophic discrimination factors (Caut et al., 2013; Hussey et al., 2014; Olin et al., 
2013), suggests that the deep-sea sharks sampled in this study span approximately two 
trophic levels.  Experimental studies done on a limited number of elasmobranch species 
revealed δ15N discrimination factors ranging from 2.3‰ to 3.7‰ using lipid and urea 
extracted samples (Hussey et al. 2010; Kim et al. 2012) and 1.1‰ to 1.8‰ using bulk 
muscle tissue (Hussey et al., 2010; Kim et al., 2012a; Malpica-Cruz et al., 2012), but 
none of these experiments were conducted on deep-sea taxa. While the considerable 
differences in body size between adult Galeus arae (<20 cm PCL) and adult Hexanchus 
griseus (>400 cm PCL) might suggest foraging at vastly different trophic levels, isotopic 
data suggest they are separated by two levels.  This may be driven by relatively short 
food chains along with high levels of scavenging contributing to compressed food webs. 
Further studies of discrimination factors across taxa and environments and compound 
specific isotope analysis (Chikaraishi et al., 2009) would provide important insights into 
the structure and dynamics of these communities.  
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In many fish species, there is a positive relationship between body size and 
trophic position (Romanuk et al., 2011) and δ15N values, which is attributed to the 
consumption of larger, higher trophic level prey at larger body sizes (Hussey et al., 2011; 
Papastamatiou et al., 2010).  This relationship has been observed in shark and dolphin 
species present in coastal waters in Western Australia (Heithaus et al., 2013).  We found 
no overall relationship between average body size and mean δ15N values in deep-sea 
sharks, even with the large range in body sizes sampled (22 cm to 350 cm PCL).  In fact, 
in the NGS region, the species with the highest δ15N value was C. cf. granulosus, which 
was higher than much larger-bodied sharks such as H. griseus and G. cuvier.  This may 
be due to reduced resource pathways in the deep-sea habitat or related to the various 
isotopic discrimination issues that affect elasmobranchs (Hussey et al., 2012a).  There is 
also the potential for scavenging in the species sampled in this study, which might cause 
δ15N values to converge.   
 At a broad taxonomic resolution of prey taxa, the three species examined (C. cf. 
granulosus, S. cubensis, and S. cf. mitsukurii) showed somewhat similar values for the 
relative importance (%IRI) of squid, shrimp and teleosts in their diets based on stomach 
contents.  It is quite possible that divergence in diets would be detected at finer 
taxonomic resolution for prey, but this was not achievable due to the digested state of 
stomach contents.  Indeed, stable isotopes suggested average trophic interactions of C. cf. 
granulosus differed from those of the two species of Squalus. Further research using 
genetic barcoding of prey from stomach contents could assist in resolving such questions 
(Barnett et al., 2010). 
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Conclusions 
 Investigations of trophic interactions of sharks in deep-sea habitats have been 
limited by the difficultly of obtaining samples.  Here, using a combination of stomach 
content analysis and stable isotope analysis we have been able to provide a preliminary 
characterization of the trophic structure of the shark community in deep-sea habitats of 
the Gulf of Mexico that may be applicable to other continental slope communities.   
Additional sampling of elasmobranch and other taxa, along with the application of 
additional biochemical markers, may reveal whether there is, indeed, greater inter- and 
intraspecific variation in trophic interactions as well as the generality of potential trophic 
shifts in the NGS.  Such studies are of high priority given the growing potential for 
anthropogenic impacts to these communities (e.g., increasing exploitation of deep-sea oil 
reserves and expansion of deep-water fisheries).  We are still in the early stages of our 
understanding of deep-sea shark communities and major human impacts like the 
Deepwater Horizon oil spill highlight the need for a better characterization of these 
unique habitats.  
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Table 1 The percent of total area (TA) and individuals occupying unique isotopic niche 
space for each shark species. 
 
Species n 
Sampling 
Region 
% of TA 
unique 
% of individuals 
in unique space 
(no. of ind.) 
Centrophorus cf. 
granulosus 
39 NGS 52.3 92.3 (36) 
Centrophorus cf. niaukang 7 NGS 2.4 0 (0) 
Galeocerdo cuvier 3 NGS 51.8 33.3 (1) 
Hexanchus griseus 7 NGS 75.9 71.4 (5) 
Mustelus canis 5 NGS 0.0 0 (0) 
Squalus cubensis 27 NGS 52.1 40.7 (11) 
Squalus cf. mitsukurii 37 NGS 0.0 0 (0) 
Centrophorus cf. niaukang 32 WFS 69.5 31.2 (10) 
Carcharhinus signatus 4 WFS 26.0 25.0 (1) 
Etmopterus bigelowi 11 WFS 49.5 45.4 (5) 
Squalus cf. mitsukurii 49 WFS 12.9 18.4 (9) 
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Table 2: Results for linear regression analysis of δ13C and δ15N by size (PCL) for eight 
shark species.  Starred values indicate a significant relationship. 
 
Species Region, Sex n  δ13C  δ15N 
   R2 t p R2 t p 
Centrophorus cf. granulosus All 38 <0.01 -0.36 0.72 0.07 -1.62 0.11 
Centrophorus cf. niaukang All 39 <0.01 -0.17 0.87 0.16 2.70 0.01* 
Etmopterus bigelowi All 9 0.09 -0.84 0.43 0.17 1.20 0.27 
Galeocerdo cuvier All 5 0.14 -0.72 0.52 0.07 0.49 0.66 
Hexanchus griseus All 8 0.11 0.86 0.42 0.01 0.31 0.77 
Mustelus canis All 6 0.48 1.94 0.12 0.96 -9.80 <0.001* 
Squalus cubensis All 27 0.23 2.76 0.01* 0.25 2.89 0.008* 
Squalus cf. mitsukurii WFS, male 48 0.01 0.78 0.44 0.10 -2.32 0.02* 
Squalus cf. mitsukurii NGS, all 37 0.28 3.70 <0.001* 0.40 4.84 <0.001* 
Squalus cf. mitsukurii NGS, male 10 <0.01 -0.10 0.92 0.06 0.69 0.51 
Squalus cf. mitsukurii NGS, female 26 0.41 4.09 <0.001* 0.43 4.30 <0.001* 
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Table 3 Results for linear regression analysis of δ13C and δ15N by capture depth for six 
shark species.  Starred values indicate a significant relationship. 
 
Species n 
 δ13C  δ15N 
R2 t p R2 t p 
Centrophorus cf. granulosus 39 <0.01 -0.10 0.92 0.33 -4.27 <0.001* 
Centrophorus cf. niaukang 30 0.04 -1.07 0.29 0.07 -1.51 0.14 
Etmopterus bigelowi 7 0.31 -1.52 0.19 0.03 0.41 0.70 
Galeocerdo cuvier 5 0.53 1.85 0.16 0.40 -1.43 0.25 
Hexanchus griseus 9 0.04 0.55 0.60 0.37 2.06 0.08 
Mustelus canis 6 0.46 -1.87 0.13 0.02 0.27 0.80 
Squalus cubensis 27 0.2 -2.50 0.02* 0.06 -1.29 0.21 
Squalus cf. mitsukurii 64 0.10 2.69 0.009* 0.20 -3.90 <0.001* 
Squalus cf. mitsukurii – NGS 37 <0.01 0.52 0.60 0.04 1.23 0.23 
Squalus cf. mitsukurii – WFS 27 0.04 0.96 0.34 0.04 -1.13 0.27 
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Figure 1 Deep-sea sharks were sampled at multiple sample stations (dots) located along 
the northern slope of the Gulf of Mexico (NGS) and waters of the west Florida slope 
(WFS). 
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Sampling Time and Region (Figure Code) n δ13C (WFS) 
δ15N 
(WFS) 
δ13C 
(NGS & WFS) 
δ15N 
(NGS & WFS) 
NGS April 2011 (SmNApr11) 44 - - B B 
NGS August 2011 (SmNAug11) 5 - - A B A 
NGS April 2012 (SmNApr12) 25 - - A B A 
WFS April 2005 (Sm05) 31 A A - - 
WFS April 2011 (SmWApr11) 7 A B A B A B B C 
WFS August 2011 (SmWAug11) 11 B B A B C 
WFS April 2012 (SmWApr12) 16 A B A B A B C 
 
Figure 2 Temporal variation in δ13C and δ15N values for Squalus cf. mitsukurii on the 
northern gulf slope and along the west Florida slope.  Groupings with different letters in 
the inset table are significantly different based on post-hoc Tukey’s tests; “-” denotes 
species that were not included in pairwise comparisons. 
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Figure 3 Temporal and spatial variation in stable isotopic values of sharks of the 
northeastern Gulf of Mexico (NGS) and along the West Florida Slope (WFS).  Error bars 
are ± SE. Species with different letters in inset tables are significantly different based on 
post-hoc Tukey’s tests; “-” denotes species that were not included in pairwise 
comparisons. 
  
Scientific Name (Figure Code) n δ13C δ15N 
Carcharhinus falciformis (Cf) 2 - - 
Centrophorus cf. granulosus (Cg) 39 B A 
Centrophorus cf. niaukang (Cn) 7 B C D B C 
Centroscymnus owstonii (Co) 1 - - 
Galeocerdo cuvier (Gc) 3 - - 
Hexanchus griseus (Hg) 7 A B 
Mustelus canis (Mc) 5 B C B C 
Squalus cubensis (Sc) 27 E C 
Squalus cf. mitsukurii April 2011 
(SmApr11) 16 D E C 
Squalus cf. mitsukurii August 2011 
(SmAug11) 16 B C D E B C 
Squalus cf. mitsukurii April 2012 
(SmApr12) 5 C D C 
Scientific Name (Figure Code) n δ13C δ15N 
Carcharhinus signatus (Cs) 4 - - 
Centrophorus cf. niaukang (Cn) 32 A A 
Deania calcea (Dc) 2 - - 
Etmopterus bigelowi (Eb) 11 B B 
Galeocerdo cuvier (Gc) 2 - - 
Galeus arae (Ga) 1 - - 
Hexanchus griseus WFS (Hg) 2 - - 
Mustelus canis WFS (Mc) 1 - - 
Squalus cf. mitsukurii April 2005 
(Sm05) 16 A B B 
Squalus cf. mitsukurii April 2011 
(SmApr11) 7 A B 
Squalus cf. mitsukurii August 2011 
(SmAug11) 15 A B B 
Squalus cf. mitsukurii April 2012 
(SmApr12) 11 A B B 
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Figure 4 Total area convex hulls of sharks from the NGS and WFS sampling regions. 
See Figure 3 for species codes. 
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Figure 5 Relationship between the mean size (PCL) and δ15N for sharks.  Only 
significant relationships are shown.  See Figure 3 for species codes. 
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Figure 6 Variation in stable isotope values with body size in Centrophorus cf. niaukang 
(δ15N), Mustelus canis (δ15N), and Squalus cubensis (δ13C and δ15N). 
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Figure 7 Variation in δ13C (a) and δ15N (b) with length for Squalus cf. mitsukurii in the 
northeastern Gulf and West Florida Slope.  Regression lines were fit to NGS (δ13C and 
δ15N) and WFS (δ15N) data. 
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Figure 8 Sex differences in the relationship between size and δ13C (a) and δ15N (b) in 
Squalus cf. mitsukurii collected from NGS. Regression lines were fit to the data for 
females but not males.
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CHAPTER VI 
CONCLUSION 
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 Our knowledge of the deep-sea is limited largely as a consequence of the 
logistical constraints of deep-water research.  The lack of information is a potentially 
important knowledge gap because anthropogenic impacts in the deep water 
environments—fishing, disposal of litter and waste, mining for deep-sea mineral 
deposits, underwater cables, and climate change—are increasing (Ramirez-Llodra et al., 
2011). Without basic information about deep-sea ecosystems, it will be difficult to 
manage human activities or predict future impacts.  The Deepwater Horizon oil spill, that 
occurred on 20 April 2010, was an unprecedented disaster not only in the amount of oil 
released, but also the depth of the release, the volume of dispersants and depth at which 
they were used.  Many of the impacts of the oil spill on epipelagic and coastal animal 
communities are more readily observable, including sea bird, sea turtle and cetacean 
mortalities (Antonio et al., 2011); changes in plankton abundances (Abbriano et al., 
2011); and toxicity to early stages life stages of blue crabs (Lively & McKenzie, 2014).  
The potential impacts on deep-sea communities are difficult to determine.  Our lack of 
understanding is, in part, the result of the disaster occurring in an ecosystem that was 
poorly understood before the spill occurred, highlighting the need for baseline data. To 
help fill the knowledge gap in deep-sea ecosystems, I investigated the trophic interactions 
of three important consumer groups (scavengers, teleosts, and sharks) and provide one of 
the first characterizations of the trophic ecology of the deep-water communities in the 
Gulf of Mexico (GoM).   
 Stable isotope analysis is often employed to investigate questions related to diet 
and trophic ecology (Fry, 2006).  In order to make appropriate comparisons among 
multiple taxa, it is necessary to standardize values to account for interspecific differences 
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in factors that affect isotopic ratios.  In Chapter II, I examine how varying concentrations 
of soluble nitrogen compounds, such as urea or trimethylamine oxide, can affect the 
analysis and interpretation of δ15N values. I assessed the effects of a standard 
chloroform/methanol extraction on the stable isotope values of muscle tissue obtained 
from ten species of sharks and three species of hagfish collected from deep-water 
communities.  There were significant differences in δ15N, %N, and C:N values as a result 
of extractions in eight of ten shark and all three hagfish species.  In addition, I observed 
increased δ15N values, but shifts in %N and C:N values were not unidirectional. 
Mathematical normalizations for δ15N values were successfully created for four shark and 
two hagfish species.  However, they were not successful for two shark species. Although 
the exact correction factors presented may not be broadly applicable, my results highlight 
the need to extract urea/TMAO from all individuals sampled, or to generate species-
specific corrections for these deep-sea taxa.   
 Scavengers often are important links in food webs and can be important to 
ecosystem dynamics through recycling energy and nutrients back into food webs quickly.  
The foraging guild is likely an important component of deep-sea food webs because these 
communities derive much of their energy resources via allochthonous inputs from surface 
waters in the form of photodetritus (Billett et al., 1983) or discrete food-falls of marine 
carrion (Smith 1985, Tyler et al. 1993). In Chapter III, I examined the trophic interactions 
of mobile, benthic scavengers in the deep-sea habitats of the northern and eastern GoM. I 
was able to create taxa-specific mathematical corrections for δ13C values to account for 
the high levels of lipids present in the sampled muscle tissue.  My results suggest that 
taxa-specific normalizations or chemical extractions are more accurate than correcting 
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δ13C values with previously published equations.  I observed significant spatiotemporal 
variation within four of the scavenger species sampled (Bathynomus giganteus, Chaceon 
quinquedens, Eptatretus springeri and Myxine mcmillanae). There were no strong 
relationships between isotopic values and either depth or body size.  Among invertebrates 
(isopods, crabs, shrimp) and paravertebrates (hagfish), I found no relationship between 
body size and δ15N values at the taxa level.  Among the more traditional scavenger 
community, although there was some variation among species in mean values of both 
carbon and nitrogen within each sampling region, there was a moderate degree of isotopic 
niche overlap among species, suggesting that while species may specialize in foraging to 
some degree there is likely overlap in diets.    
The deep waters of the GoM include a diverse demersal fish community; 
however, the status and ecological roles of many of these demersal fish species remains 
largely unknown.  In Chapter IV, I describe the trophic interactions of deep-water 
demersal teleosts in the northern and eastern GoM using stable isotope analysis (C and 
N).  There was significant intraspecific spatial and temporal variation in stable isotope 
values within several species (Lopholatilus chamaeleonticips, Urophycis cirrata, and 
Urophycis floridana), as well as evidence for ontogenetic shifts in trophic interactions of 
all five of the most commonly captured teleosts (L. chamaeleonticeps, Ophichthus rex, 
Synaphobranchus oregoni, U. cirrata, and U. floridana).  The stable isotope analysis of 
this deep-sea community revealed a relatively small range of δ13C values (NGS: 2.62‰ 
and WFS: 2.21‰) that likely represent a limited pool of basal resources.  There was a 
larger range of δ15N values in the NGS (6.2‰) than in the WFS (3.2‰) sampling region, 
suggesting that NGS teleost community spans at least two trophic levels, whereas that in 
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the WFS spans approximately one level.  I observed a high degree of isotopic niche 
overlap for a number of species, which is consistent with previously reported stomach 
contents analysis and is predicted for oligotrophic ecosystems. 
Deep-water sharks are abundant and widely distributed in the northern and eastern 
GoM.  As mid and upper-level consumers that can range widely, sharks likely are 
important components of deep-sea communities and their trophic interactions may serve 
as system-wide baselines that could be used to monitor the overall health of these 
communities.  In Chapter V, I investigated the trophic interactions of deep-sea sharks 
using a combination of stable isotope (C and N) and stomach content analyses. Although 
I detected some spatial, temporal, and interspecific variation in apparent trophic positions 
using stable isotopes, there was considerable isotopic overlap among species, between 
locations, and through time. I found that stable isotope values of S. cf. mitsukurii, the 
most commonly captured elasmobranch, varied between sample regions, through time, 
and also with sex and size. Stomach content analyses suggested relatively similar diets at 
the level of broad taxonomic categories of prey among the taxa with sufficient sample 
sizes. A relationship between body size and relative trophic levels was not inferred from 
δ15N, but patterns within several species suggest increasing trophic levels with increasing 
size.  Both δ13C and δ15N values suggest a substantial degree of overlap among most 
deep-water shark species.   
Taken together, the results from my studies provide interesting insights into the 
dynamics of the deep-sea ecosystems of the eastern Gulf of Mexico.  For example, 
overall δ15N values in the NGS region were higher than in the WFS across all consumer 
groups.   This pattern likely reflects isotopic baseline differences between these two 
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regions.  The δ13C values among all three consumer groups also provide a consistent view 
of relatively few sources of basal resources in the systems and little reliance on 
chemosynthetic communities.  Instead, it appears that surface-derived allochthonous 
inputs are critical in these systems.  This is consistent with models of nutrient fluxes into 
the deep waters of the Gulf of Mexico (Rowe, 2013).  
In general, it appears that the oligotrophic nature of the system drives a fairly high 
degree of dietary overlap and less differentiation in trophic levels than might be expected.  
For example, across all taxa sampled in this study (invertebrates/paravertebrates, teleosts, 
and elasmobranchs) there is no relationship between mean taxa body size (mass) and 
mean δ15N values along the northern gulf slope (t=0.96, p=0.34; Figure 1a) and, although 
the relationship is significant along the west Florida shelf, it is weak (t=2.31, p=0.03, 
R2=0.20; Figure 1b). No strong relationship between body size and apparent trophic 
position is surprising given the large range in body sizes sampled. In the deep-sea many 
large predators, including teleosts and sharks, are likely to scavenge at least 
opportunistically as a response to the reduced availability of resources in this system 
(Compagno, 1984; Gage, 2003).  The feeding behavior may upset the relationship 
between size and trophic level (Romanuk et al., 2011) and subsequently higher δ15N 
values (Hussey et al., 2011; Papastamatiou et al., 2010) observed in other systems 
(Heithaus et al., 2013). 
At the level of individual taxa, sharks appear to have a somewhat separate 
isotopic niche than teleosts in both the northern gulf slope and west Florida shelf 
sampling regions (Figure 2), indicating that despite a potentially limited amount of 
nutrient resources and broadly similar trophic levels, there is some niche partitioning 
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between these two consumer groups.  Indeed, both groups display >57% unique isotopic 
niche space in both sampling regions (Table 1).  In both regions, the scavenger isotopic 
niche has considerable overlap with the shared niche space of sharks and teleosts, with 
<51% unique space in both regions (Table 1).  Carbon ranges of the benthic scavengers 
suggest that these organisms may have shared resources with both sharks and teleosts via 
both predation and the consumption of large food falls, such as animal carcasses.  Such 
trophic overlap is to be expected of large-bodied scavengers in an oligotrophic system.  
 Investigations of trophic interactions of organisms in deep-water environments 
have been limited by the difficultly of obtaining samples in a remote system.  Here, using 
stable isotope analysis, I have been able to provide a preliminary characterization of the 
trophic structure of three deep-water consumer groups in the deep-sea habitats of the 
GoM.  In addition, I have established a dataset upon which future studies and 
conservation efforts can be based.  Sampling of additional taxa, along with the 
application of additional biochemical markers, may reveal additional details regarding the 
sources of energy and nutrients input into this system and how these resources transfer to 
the wider community.  Such studies are of high priority given the increasing exploitation 
of deep-sea resources, the potential for anthropogenic impacts to these communities, and 
the still early stage of our understanding of these communities. 
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Table 1 The percent of total area (TA) and ellipse area occupying unique isotopic niche 
space for each consumer group. 
 
Species 
% of TA 
unique 
% of ellipse 
unique 
NGS   
   Scavenger 25.6 41.6 
   Teleost 67.7 66.9 
   Shark 59.0 57.8 
WFS   
   Scavenger 31.1 50.3 
   Teleost 63.2 75.0 
   Shark 68.1 81.7 
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Figure 1 The relationship between body size (mass) and δ15N values along the northern 
gulf slope (NGS) and the west Florida shelf (WFS) among scavenger, teleost and shark 
taxa. 
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Figure 2 Total area convex hulls and Bayesian ellipses of scavengers, sharks and teleosts 
from the northern gulf slope (NGS) and west Florida shelf (WFS) sampling regions. 
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